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This  Lecture  Series  was  recommended  by  the  Propulsion  and  Energetics  Panel  of 
AGARD  and  is  implemented  under  the  Consultant  and  Exchange  Programme. 

In  recent  years  many  optical  measuring  methods,  most  using  lasers,  for  determing 
flow  velocity  (with  turbulence  and  fluctuations),  temperature,  and  species  concentration 
have  been  studied.  The  main  advantage  is  that  the  flow  is  not  disturbed.  They  are  of 
great  value  for  research  and  development  on  engines  and  components  and  for  the  under- 
standing of  fundamental  flow  processes. 

The  Lecture  Series  will  inform  propulsion  specialists  of  the  techniques  that  are  currently 
available,  how  to  use  them  and  their  limitations.  It  will  review  experience  to  date  in 
practical  applications.  Laser-velocimetry  will  be  emphasized  since  it  is  the  only  technique 
which  has  achieved  practical  importance  up  until  now.  Raman  scattering  and  holography 
interferometry  will  also  be  addressed.  Commonly-used  techniques  and  qualitative  type 
methods  such  as  infrared  for  surface  temperature  and  Schlieren  techniques  will  not  be 
addressed. 
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ABSTRACT 

The  development  of  an  new  aero  engine  needs  today  always  a very  long  time  and  requires 
an  extremely  high  budget  of  money,  because  In  each  case  a lot  of  Individual  problems 
(aero-thermodynamic  design,  materials,  structures,  a.s.o.)  must  be  solved. 

Concerning  the  aero-thermodynamic  design  of  aero-engines  worldwide  efforts  are  focused 
on  lowering  the  developmental  costs  by  Improving  the  calculation  techniques  for  designing 
the  various  engine  components  - more  reliability  and  more  general  validity  are  demanded. 
However  the  activities  are  also  - aimed  at  Increasing  the  performance  capability  and  the 
efficiency  of  the  engine.  In  order  to  arrive  at  satisfactory  solutions  It  Is  necessary  to 
learn  - by  detailed  experimental  studies  - more  about  the  complex  flow  patterns,  about 
the  combustion  processes,  and  about  the  cooling  phenomena  In  real  engines  and  their 
components. 

In  this  paper  the  attempt  will  be  made  to  expose  the  primary  problems  of  the  aero- 
thermodynamic  design,  to  outline  the  requirements  to  adequate  experimental  studies  and  to 
the  corresponding  testing  techniques. 

INTRODUCTION 

A main  aspect  of  aero-engine  research  and  development  was  always  to  provide  reliable 
measuring  and  testing  techniques  appropriate  for  the  detailed  experimental  study  of  flow, 
of  materials,  of  machine  dynamics  a.s.o.  Qualified  experimental  data  will  contribute  In 
the  future  to  realizing  the  next  steps  of  performance  1ncrease»of  efficiency  Improvement, 
of  life-time  extension,  and  of  reducing  the  extremely  high  developmental  costs  by  re- 
fining the  today's  design  and  off-design  calculation  techniques. 

Excellent  reviews  of  the  past  efforts  In  the  field  of  developing  appropriate  measuring 
techniques  are  given  In  ref.l  and  2.  Although  being  aware  of  the  very  serious  materials 
and  vibration  problems  In  aero-engines  the  Lecture  Series  on  "Laser  Optical  Measurement 
Methods"  will  only  deal  with  the  aero-thermodynamic  R and  0 aspects  focused  on  non-ln- 
struslve  optical  methods  which  allow  to  measure  the  flow  velocity  and  direction,  the 
flow  turbulence  and  fluctuations,  the  temperature,  and  the  species  concentrations  with- 
out disturbing  the  flow.  These  new  methods  enable  measurements  which  up  to  now  could  not 
be  or  not  easily  be  performed,  such  as  measurements  Inside  the  rotating  blade  channels  of 
turbomachines.  Interstage  measurements  of  multistage  machines,  or  Inside  combustors.  The 
use  of  such  techniques  In  engine  R and  0 will  provide  a better  understanding  of  the  fun- 
damental flow  phenomena  In  the  different  engine  components.  Thus  they  offer  great  possi- 
bilities to  achieve  more  confidential  data  for  component  design  and  to  prove  respectively 
to  Improve  theoretical  flow  models. 

Some  of  these  techniques  are  still  In  the  development  phase  In  laboratories,  others 
have  already  become  appropriate  for  application  In  engine  R and  0.  The  objective  of  this 
Lecture  Series  Is  to  Inform  propulsion  specialists  In  research  and  development  which 
techniques  are  presently  available  for  the  use  In  engine  and  component  test  rigs  and  how 
to  handle  these  methods. 

A critical  review  of  all  optical  techniques  being  presently  under  development  shows 
that  today  only  the  laser  velocimetry  has  achieved  practical  Importance.  Therefore,  these 
methods  Including  their  practical  application  In  engine  R and  0 are  covered  with  particu- 
lar emphasis.  Other  methods  (such  as  Raman  scattering,  holography.  Interferometry)  are 
treated  In  a review  lecture  paying  attention  to  their  status  of  development  and  their  pro- 
mises for  engine  R and  0. 

Before  opening  the  series  of  the  expert  lectures  I would  like  to  comment  briefly  upon 
some  fundamental  aero-thermodynamic  aspects  of  engine  research  and  development  particu- 
larly upon  the  status  of  today's  engine  technology.  Its  future  trends,  and  their  re- 
quirements to  advanced  experimental  techniques. 

AERO-ENGINE  TECHNOLOGY  AND  TRENDS 

As  In  the  past  also  the  development  of  future  aircraft  engines  will  be  dictated  pri- 
marily by  the  following  fundamental  requirements: 

- Low  Specific  Fuel  Consumption 

- High  Specific  Thrust  or  Power 

- Minimum  Weight  and  Dimensions 
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Due  to  quite  different  operational  missions  of  civil  and  military  aircrafts,  heli- 
copters and  RPV's  additional  requirements  exist  for  each  engine  category: 


Civil  Aircraft 
Engines 


Mil  It. Aircraft  Helicopter  RPV 

Engines  Engines  Engines 


- Long  Life 
Endurance 

- Multi  Misslon- 
Capabll Ity 

- Low  Price 

Extreme  Low  Price 

- Long  Time 
between 
Overhaul 

- Max.  Reliability 

- High  Acce- 
1 eration 
Capabi 1 1 ty 

Very  Small 
Overall  Dimensions 

- Low  Noise 
Level 

- Short  Duration 
Maxim. Thrust 
Capabi 1 1 ty 

- High  Emergency 
Power 

The  development  of  military  aircraft  engines  has  always  revealed  the  most  advanced 
engine  and  component  technology  associated  however  by  relatively  short  life  cycles. 

This  technology  has  then  been  transferred  Into  the  field  of  civil  aircraft  engines  and 
has  been  modified  to  meet  the  special  demands  of  common  civil  aircraft  missions  as  for 
Instance  longer  life  times  (ref. 3). 

Armstrong  from  NGTE  published  1n  the  Aeronautical  Journal  an  excellent  review  paper 
on  the  conventional  aero-engine  and  its  progress  over  the  last  three  decades  since 
World  War  II  (ref. 4).  The  following  set  of  figures  was  taken  from  this  paper  to  demon- 
strate here  - more  or  less  completely  - the  today's  engine  technology  and  Its  future 
trends.  Fig.l  illustrates  the  considerable  Increase  in  thrust-to-wel ght  ratio  of  military 
engines  from  about  2 in  1945  to  about  8 In  1975.  The  physical  boundary  Is  obviously  not 
yet  arrived  as  indicated  by  the  arrow.  Further  Increase  seems  to  be  attainable  by  aug- 
menting the  aerodynamic  blade  loading  which  may  lead  to  a reduced  number  of  blades  or 
even  stages,  and  by  Introducing  new  materials  and  structures. 

Fig. 2 emphasizes  the  great  progress  in  civil  engine  equivalent  power  that  has  grown 
since  l945  by  more  than  one  magnitude  with  no  effective  size  limit  in  sight.  The  figure 
reveals  also  the  great  superiority  of  turbo-engines  against  piston  engines.  As  shown  In 
Fig. 3 the  overall  pressure  ratio  of  both  civil  and  military  engines  are  now  approaching 
a value  of  30.  A remarkable  Increase  In  aerodynamic  stage  loading  since  1945  has  led  to 
this  figure  without  Increasing  the  total  number  of  engine  stages  - compressor  plus 
turbine.  Armstrong  outlines  that  progress  Is  by  no  means  exhausted;  considerably  higher 
pressure  ratios  than  30  may  be  expected  In  20-stage  engines  with  current  efficiency 
1 evel s . 

To  give  an  Idea  on  the  performance  situation  of  modern  axial  compressors  the  poly- 
tropic efficiency  Is  plotted  against  the  mean  stage  pressure  ratio  In  Fig. 4.  The  trend 
of  falling  efficiency  with  Increasing  pressure  ratio  Is  evident  as  exspected . The  single- 
stage  fans  at  the  right-hand  side  of  the  diagram  now  used  In  advanced  civil  turbofan 
engines  are  operating  at  relative  tip  Mach  numbers  of  about  1.5;  they  produce  consider- 
able pressure  ratios  up  to  1.7  at  an  acceptable  efficiency  of  about  83  X.  However,  further 
great  progress  Is  Indicated  In  the  diagram  by  the  "research  units"  Incorporating  all  re- 
search experience  which  Is  today  available  but  not  yet  applied  to  engines,  because  a lot 
of  still  existing  research  and  developmental  problems  must  be  solved  before. 

The  last  figure  (Fig. 5)  taken  from  Armstrong's  paper  Is  concerned  with  the  turbine 
Inlet  temperature.  Its  past  progression# and  Its  future  prospect.  The  large  stepwise  In- 
crease In  the  fifties  was  achieved  by  Introducing  cooling  techniques;  however,  since 
there  again  a steady  progression  Is  observed  with  data  between  1 400  and  1 600  K pre- 
sently used  In  both  civil  and  allltary  engines.  The  entry  temperatures  of  1985  are 
assumed  to  be  around  1 600  to  1 800  K.  Today's  research  turbines  are  running  at  tempera- 
tures considerably  higher  than  realized  In  engines  Indicating  that  already  research  ex- 
perience on  more  advanced  cooling  techniques  and  high  temperature  materials  Is  available 
which  will  be  applied  to  real  engines  - after  a further  period  of  research  and  develop- 
ment. 

The  following  more  fundamental  conclusion  can  be  drawn  from  Armstrong's  paper:  In 
spite  of  the  enormous  progress  In  aero-engine  technology  over  the  last  three  decades  to- 
day the  physical  boundary  Is  by  no  means  In  sight;  the  capabilities  assumed  to  be  still 
Inherent  promise  a similar  progression  for  at  least  the  next  decade. 

It  Is  now  the  point  to  study  the  effects  which  the  technology  progress  will  probably 
have  In  the  sense  of  the  aforementioned  requirements  to  future  aircraft  engines.  Thereby 
the  term  "technology"  comprehends  cycle  and  component  optimisation  In  conventional  engines 
as  shown  In  the  preceding  figures  as  well  as  the  application  of  new  unconventional  con- 
cepts as  variable  cycle,  variable  geometry,  heat-exchangers,  and  so  on,  which  offer  addi- 
tional great  possibilities  to  push  forward  the  performance  and  economy  of  aero-engines. 

The  possible  Improvement  of  engine  specific  fuel  consumption  (SFC)  has  been  selected  here 
as  an  example  to  Illustrate  the  above  mentioned  effects.  FI g . 6 demonstrates  - for  a large 
civil  fan  engine  - the  step-by-step  SFC  Improvement  process  attainable  with  the  Intro- 
duction of  more  and  more  advanced  technologies.  The  diagram  originally  published  by 
Denning  and  Miller  In  ref. 5 presents  - for  the  Rolls  Royce  RB-211  - the  estimated  SFC 
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Improvement  as  a percentage  of  the  basic  engine  (211-22)  datum.  The  data  are  plotted  - 
against  the  cruise  speciHc  thrust.  An  overall  SFC  gain  of  about  25  S could  be  achieved 
by  Incorporating  different  technology  steps  Into  the  engine  design  as  (ref. 5): 

1.  refinement  of  current  engine  components;  2.  Increase  of  propulsive  efficiency  by  In- 
creasing the  total  engine  air  flow;  3.  optimising  the  component  geometry  to  produce 
maximum  efficiency  from  current  technology  standards;  4.  general  component  technology 
objectives;  5.  new  design  concepts. 

Concerning  the  small  turbo  engines  (mass  flow:  0.5  to  7 kg/s)  the  “Small  Turbine 
Advanced  Gas  Generator"  (STAGG)  program  has  revealed  the  possibility  of  a considerable 
reduction  In  specific  fuel  consumption  for  this  engine  class  by  applying  advanced  tech- 
nologies as  shown  in  Fig. 7.  An  overall  improvement  of  SFC  between  20  and  35  t - depending 
on  the  shaft  horsepower  - seems  realistic  to  be  gained.  The  STAGG-program  was  initiated 
In  1971  with  high  risk  gools  because  small  engines  were  "unable  to  utilize  directly  the 
advanced  technology  from  large  engine  research  and  development  due  to  Inherent  geometry 
and  size  limitations"  according  to  Johnsson  and  Elliot. 

This  brief  survey  on  current  engine  technology.  Its  future  progress,  and  Its  Influence 
on  engine  economy  does  not  claim  for  completness;  It  Just  should  emphasize  the  potentials 
still  Inherent  with  the  aero-engine  to  justify  and  stimulate  further  research  and  deve- 
lopment activities. 

ENGINE  RESEARCH  AND  DEVELOPMENT 

In  the  following  only  those  research  and  development  activities  to  meet  the  fundamen- 
tal requirements  to  aero-engines  are  summarized  which  - as  previously  mentioned  - are  ex- 
clusively concerned  with  the  engine  aero-  and  thermodynamics.  The  synopsis  does  not 
differentiate  between  the  various  engine  categories;  only  those  problems  have  been  In- 
cluded which  are  similar  for  all  engines,  and  which  - In  the  case  of  successful  solution 
- promise  great  progress  In  aerodynamic  component  technology.  New  concepts  as  variable 
cycle  or  geometry  are  not  considered  due  to  their  very  early  stage. 

From  that  a research  and  development  program  on  aerc-engines  results  with  the  follo- 
wing aero-  and  thermodynamic  objectives: 


COMPRESSOR  AND  TURBINE 

- Increase  of  Aerodynamic  Loading 

- Improvement  of  Efficiency 

- Increase  of  Stall  Margin 

- Improvement  of  Blade  Cooling  Techniques 

- Reduce  of  Noise  Emission 

- Development  of  Reliable  Design  and  Off- 
Oeslgn  Calculation  Techniques 


COMBUSTION  CHAMBER 

- Aero-Thermodynamic  Optimization  of  Primary 
and  Dilution  Zones 

- Improvement  of  Combustor  Liner  Cooling 
Techniques 

- Development  of  New  Combustor  Concepts  for 
Reduced  Exhaust  Gas  Emissions 

- Development  of  Reliable  Calculation  Tech- 
niques 


CDMPRESSORS 

Current  research  activities  on  compressors  are  focused  on  Increasing  the  performance 
capability  and  on  Improving  the  design  techniques;  they  Include  both  extensive  experimen- 
tal Investigations  and  theoretical  efforts  to  develop  reliable  calculation  methods. 
However,  the  complete  theoretical  treatment  always  suffers  from  a lack  In  detailed  infor- 
mation on  real  flow  effects  as  compressibility,  three-dimensionality,  viscosity,  and 
unsteadiness.  Some  of  these  flew  phenomena  are  normally  not  considered  In  the  flow  models 
but  are  approached  by  empirical  correlations,  for  Instance  the  estimation  of  flow  losses, 
flow  turning,  boundary-layer  and  secondary  flow  effects. 

In  transonic  axial  compressors  additional  problems  arise  due  to  the  three-dimensional 
shock  waves  and  their  Interactions  with  wall  and  blade  boundary-layers;  In  radial  compres- 
sors the  well-known  jet-wake  flow  pattern  plays  a dominant  role  jointly  with  the  strong 
flow  fluctuations,  the  high  streamline  curvature,  and  the  field  force  effects. 

The  basic  compressor  flow  equations  are  often  - for  practical  purposes  - drasticly 
simplified  by  assuming  the  flow  being  steady,  Inviscid,  two-dimensional,  and  even  In- 
compressible. In  order  to  improve  the  knowledge  and  understanding  of  the  real  flow  pheno- 
mena for  compressor  performance,  efficiency,  and  stall  margin  optimization  as  well  as  to 
accomplish  the  theoretical  flow  models,  detailed  experimental  Investigations  of  the 
complex  Internal  compressor  flow  are  absolutely  necessary  addressed  to  the  following  ob- 
jectives: 

Optimization  of  blade  profiles  with  respect  to  high  aerodynamic  loading  and 
low  flow  losses. 

Analysis  of  the  3-d1mens1onal  nature  of  compressor  flow;  effects  of  annulus 


geometry;  3-dlmensional  shock  waves:  secondary  flows;  gap  flows;  boundary-1 ayer 
movement. 
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[ - Particularities  of  3-d1mens1ona1  flow  In  radial  compressors;  effect  of  strong 

' streamline  curvature  and  flow  fluctuations;  flow  separation,  secondary  flows  and 

i Jet-wake  flow  pattern. 

\ - Study  of  particular  flow  processes  In  multi-stage  / multi-spool  compressors; 

' stage  matching;  onset  of  Instabilities  and  surge. 

Analysis  of  unsteady  flow  phenomena;  blade  wake  Interaction;  rotating  stall; 

I effects  of  Inlet  flow  distortion. 

Optimisation  of  Blade  Profiles 

Today  single-stage  transonic  compressors  have  achieved  high  levels  of  pressure  ratios 
around  2:1  while  maintaining  quite  high  efficiencies.  For  supersonic  Inlet  flow  (rotor 
tip  sections)  the  blade  profile  design  must  carefully  take  Into  account  the  Mach  number 
distribution  ahead  of  the  shock  wave,  the  shock-boundary  layer  Interaction,  the  shock  In- 
duced or  even  subsonic  flow  separation,  and  subsonic  diffusion.  Suction  surface  curvature, 
throat  area,  cascade  solidity,  and  stagger  angle  are  therefore  the  main  design  principles 
according  to  ref. 7. 

Fig. 8 presents  a typical  profile  as  it  is  presently  used  for  tip  section  of  transonic 
' rotors . It  consists  of  a series  of  circular  arcs  to  meet  the  above  mentioned  design  phi- 

losophy. The  blade  Mach  number  distribution  corresoonds  to  an  Inlet  Mach  number  of  1.23. 
to  a static  pressure  ratio  of  1.39,  and  to  an  axial  velocity  density  ratio  of  1.28.  It 
clearly  Identifies  the  shock  wave  impingement  on  the  blade  suction  side  (ref. 8). 

For  high  subsonic  Inlet  velocities  occuring  in  the  hub  sections  of  transonic  rotors. 

In  stators  of  transonic  stages,  and  In  HP  compressors  the  supercritical  airfoil  Is  going 
to  be  used  promising  great  increase  of  aerodynamic  loading  and  considerable  decrease  of 
flow  losses.  FI 0 . 9 taken  from  ref. 9 shows  such  an  airfoil  and  its  optimum  blade  Mach 
number  d1 strl bution . As  Indicated  In  the  diagrams  supercritical  profiles  have  a high  tur- 
ning capability  which  however  is  expected  in  the  future  to  exceed  30  deg.  considerably. 

Another  tool  to  Improve  the  performance  of  high-turning  subsonic  airfoils  and  to  in- 
crease their  stable  operating  range  Is  suction  surface  boundary-layer  treatment.  Fottner 
(ref. 10)  reports  on  very  successful  cascade  measurements  with  suction  side  boundary-layer 
energized  by  bleeding;  thereby  flow  turning  over  60  deg.  has  been  achieved. 

In  order  to  deal  completely  with  the  aerodynamic  potentials  of  these  advanced  blade 
configurations  for  practical  use  and  In  order  to  develop  coincidently  reliable  design 
techniques  a still  deeper  understanding  of  the  fundamental  flow  processes  1s  required 
which  only  can  be  obtained  by  detailed  experimental  studies.  Future  measurements  must 
provide  complete  Informations  particularly  on: 

Intensity  and  position  of  shock  waves  depending  on  inlet  flow,  back-pressure, 
profile  shape,  and  cascade  geometry. 

Shock-boundary-layer  interaction,  boundary-layer  growth  and  separation,  boundary- 
layer  treatment  effects. 

Local  distribution  of  flow  losses  and  turning  inside  the  blade  channels, 

- Blade  wake  shape  and  mixing. 

Turbulence  and/or  fluctuation  of  cascade  Internal  flow. 

For  the  clarification  of  the  aforementioned  subjects  testing  techniques  are  needed 
which  allow  to  analyse  locally  the  flow  velocity  and  flow  direction  as  well  as  the  pres- 
sures and  temperatures  or  fluid  densities;  thereby  the  steady-state  values  and  the  un- 
steady components  of  these  flow  quantities  musi  be  determined. 

Three-Dimensional  Compressor  Flow 

High-pressure  ratio  axial  compressors  have  always  a converging  annulus  to  adapt  the 
flow  cross-section  to  the  increasing  static  pressure,  as  Illustrated  In  Flo. 10  for  a 
single-stage  compressor.  The  convergence  Induces  more  or  less  strong  radial  flow  compo- 
nents effecting  the  flow  on  adjacent  blade  sections. 

Another  very  Important  feature  of  transonic  compressors  is  the  appearance  of  3-di- 
menslonal  shock  waves  extending  over  the  blade  height  In  the  rotor  entrance  portion. 

F 1 q . 1 1 demonstrates  this  situation  for  a transonic  rotor  operating  at  430  m/s  tip  speed 
with  a relative  Inlet  tip  Mach  number  of  1.4  and  a pressure  ratio  over  1.5.  The  entrance 
shock  wave  Is  shown  at  45,  63  and  89  % blade  height  with  respect  to  the  corresponding 
profiles  at  right  stagger  to  give  an  Idea  on  the  complicated  3-d  shock  wave  surface. 

Inlet  and  outlet  flow  conditions,  blade  and  cascade  geometry  varying  over  the  blade 
height  Initiate  this  flow  pattern  which  obviously  leads  to  strong  radial  gradients  of 
the  static  pressure  and  to  strong  radial  components  of  the  flow  vectors  behind  the 
shock  wave.  Thus  the  radial  equilibrium  of  the  rotor  flow  Is  more  complex  than  predicted 


by  today's  usual  theories  which  do  not  account  for  these  flow  phenomena  (ref. 11). 


Stream  tube  convergence  and  3-d1mens1 onal  shock  waves  cause  a severe  deterioration 
of  the  stream  surfaces  within  the  blade  row;  and  this  deviation  from  axis-symmetric  flow 
Is  still  amplified  by  strong  secondary  flows.  Streamwise  vorticity  associated  with  flow 
deflection,  wall  boundary-layer  development,  blade  boundary-layer  movement,  and  other 
phenomena  lead  to  a very  complex  secondary  flow  pattern  In  compressors  which  often  Is 
aggravated  by  leakage  flows  at  rotor  tip  and  stator  hub  with  and  without  relatively  mo- 
ving walls  (ref. 12).  FI g . 12  presents  a rough  qualitative  scheme  of  secondary  and  gap 
flow  just  to  demonstrate  Its  complexity. 

Quantitative  details  of  the  3-d1mens1onal  flow  pattern  In  compressors  are  today  rather 
unknown.  Experimental  research  on  compressors  should  therefore  be  aligned  to  provide  accu- 
rate and  detailed  data  on: 

Local  position  of  the  3-d1mens1ona1  shock  wave  and  Its  local  Intensity, 

Radial  flow  components,  local  loss  and  turning  distribution. 

Secondary  and  leakage  flow  phenomena, 

Mali  boundary-layer  development  with  and  without  moving  walls. 

Blade  boundary-layer  growth  and  movement. 

Blade  wake  flows  and  downstream  mixing. 

Experimental  techniques  must  be  available  to  measure  locally  the  prime  steady  and  un- 
steady flow  quantities,  as  pressure,  temperature  or  density,  fluid  velocity,  and  flow  di- 
rection, even  within  the  3-d  boundary  layers.  Additional  methods  are  required  to  analyse 
accurately  the  gaps  between  the  bladings  and  the  walls.  Techniques  to  determine  the  pre- 
cise cascade  geometry  under  operating  conditions  are  also  of  high  practical  Interest. 

Particularities  of  Radial  Compressor  Flow 

The  basic  flow  In  radial  compressors  1s  characterized  by  a pronounced  jet-wake  dis- 
charge flow  at  the  Impeller  outlet.  F 1 g . 1 3 Illustrates  the  flow  field  In  the  rear  part  of 
the  rotor.  The  relative  velocity  distribution  at  Impeller  discharge  always  appears  to  be 
rather  different  from  the  Ideal  one  calculated  on  the  basis  of  Inviscid  theory  and 
steady-state  boundary-layer  techniques. 

Low-energetic  fluid  accumulates  along  the  blade  suction  surface  very  often  preceding 
flow  seperatlon  and  the  formation  of  a wake  region.  This  finally  shifts  the  main  flow 
(jet)  towards  the  blade  pressure  side.  The  flow  separation  Impairs  the  diffusion  poten- 
tial and  leads  to  a highly  distorted  velocity  field  at  the  Impeller  discharge,  which  cau- 
ses a considerable  reduction  of  stage  efficiency  due  to  additional  mixing  losses  and  un- 
steady flow  In  the  subsequent  diffusor. 

Primarily  two  flow  mechanisms  have  been  Identified  to  be  of  decisive  Importance  for 
flow  separation  and  wake  development;  these  are  secondary  flows  and  turbulence  stabiliza- 
tion effects  due  to  streamline  curvature  and  system's  rotation  (ref. 13). 

As  experimentally  verified  (ref. 14)  the  wake  Increases  rapidly  downstream  of  the  se- 
paration point,  due  to  strong  secondary  and  tip  leakage  flow  feeding  low-energy  fluid  ma- 
terial Into  the  wake.  The  wake  area  covering  more  than  30  X of  the  blade  channel  Is 
characterized  by  a low  mass-flow  component  (=>  15  % of  total  mass-flow),  by  a high  fluctua- 
tion Intensity  (RMS:  = 20  t of  mean  velocity),  and  by  a steep,  relatively  stable  velocity 
gradient  to  the  surrounding  jet  flow.  This  Illustrates  the  separation  of  high-  and  low- 
energetic  fluid  material  and  the  suppression  of  turbulent  mixing  along  the  jet/wake 
shear  layer  due  to  effects  of  the  Coriolis  force  and  meridional  channel  curvature. 

Further  experimental  Investigations  of  various  Impeller  configurations  at  different 
speeds  and  operating  points  must  help  to  clarify  - besides  the  questions  decribed  In  the 
preceding  chapter: 

Which  viscous  flow  effects  Initiate  the  flow  seperatlon  and  dominate  the  po- 
sition and  development  of  the  wake. 

Which  flow  phenomena  govern  the  Interaction  between  jet  and  wake  areas. 

The  experimental  procedures  are  the  same  as  for  the  analysis  of  the  3-d1mens1ona1 
flow  In  axial  compressors. 

Flow  Processes  In  Mul t1 -stage/Mul t1 -spool  Compressors 

Experiences  on  any  stage  Interactions  that  may  limit  the  application  of  single-stage 
results  to  multi-stage  compressors  are  not  yet  available  as  much  as  desired  for  design 
purposes.  In  such  machines  additional  very  characteristic  phenomena  arise  which  only  can 
be  Investigated  In  fuel  multi-stage  and/or  multi-spool  compressors: 

- Aerodynamic  matching  of  stages,  e.g.  fan  and  core  compressor. 
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Development  of  wall  boundary-layers  particularly  with  the  effect  of  relative 
wall  movement 

Structure  of  flow  fluctuation  and  turbulence,  effect  of  low  Reynolds  number 
(high  altitude,  ref. 3), 

Effects  of  tip  clearance  and  associated  leakage  flows. 

L.H.  Smith  reports  in  ref. 15  for  example  on  the  difficulties  of  matching  fans  and 
core  compressors  while  meeting  the  requirement  of  a high  bypass  stream  pressure  ratio  in 
the  range  of  1.5  to  1.8.  The  blade  speed  near  the  hub  of  a low  hub/tip  radius  ratio  fan 
is  substantially  less  than  near  the  tip;  thus  the  high  pressure  ratio  cannot  be  maintained 
in  the  fan  hub  region  revealing  problems  of  fan  design  and  stage  matching  particularly 
at  engine  off-design  operation.  Fi g . 14 , drawn  from  ref. 15,  shows  various  concepts  of  fan 
arrangement  demonstrating  its  very  complexity  from  an  aerodynamic  point  of  view.  Measure- 
ments - at  least  in  the  core  compressors  - are  difficult  to  be  carried  out,  because 
the  inner  flow  ducts  are  practically  inaccessible. 

Wall  boundary  layers,  flow  fluctuations  and  low  Reynolds  number  effects  at  high  alti- 
tude are  believed  to  contribute  considerably  to  the  onset  of  flow  instabilities  preceeding 
surge.  No  reliable  informations  are  available  today,  which  stages  of  a multi-stage  compres- 
sor first  induce  instabilities,  how  they  propagate  in  the  compressor,  and  how  they  lead 
to  stall.  Detailed  interstage  measurements  of  flow  quantities  will  help  to  clarify  these 
phenomena.  Non-instrusive  techniques  are  wel 1 -appropriate  for  this  task,  while  the  narrow 
spacing  between  the  blade  rows  does  not  allow  to  immerge  hard-ware  probes. 

Tip  clearance  leakage  flow  has  been  identified  as  a major  problem  in  the  last  stages 
of  high-pressure  compressors  because  of  the  very  small  blades  (around  15  mm  span).  Mini- 
mum tip  clearances  are  required  to  maintain  high  efficiencies  and  satisfactory  stall 
margin . 

Further  Improvement  of  performance,  efficiency,  and  stall  margin  of  multi-stage,  multi- 
spool compressors  require  experimental  investigations  as  outlined  in  the  preceding  chap- 
ters, however  with  particular  emphasis  of 

Tip  clearance  control  especially  in  the  rear  stages  of  HP  compressors. 

Detailed  interstage  measurements  of  flow  quantities  and  wall  boundary-layer 
measurements  to  localize  the  onset  of  flow  instabilities. 


Analysis  of  Unsteady  Flow  Phenomena 

The  46th  meeting  of  AGARD  Propulsion  and  Energetics-Panel  reviewed  in  great  detail  the 
unsteady  flow  phenomena  in  turbomachinery  with  the  following  general  conclusions:  un- 
steady flow  have  a strong  impact  on  efficiency,  aerodynamic  stability,  aeroelastic  stabi- 
lity, and  noise  generation.  A better  understanding  and  improved  prediction  techniques  for 
unsteady  flow  effects  will  contribute  in  the  future  to  the  design  of  more  efficient,  low- 
noise  turbomachinery.  Even  in  turbomachines  with  uniform  and  steady  inlet  flow  large  perio- 
dic fluctuations  are  generated  by  wake  cutting,  by  viscous  vortices  shed  from  blade  tip, 
by  cross  flows  at  the  endwalls,  or  by  potential  field  interactions  between  stator  and 
rotor  blade  rows  (ref. 16).  These  effects  require  a proper  selection  of  rotor-stator  spa- 
cing and  other  design  concepts.  The  main  fluctuation  component  is  induced  by  wake  cutting. 
Fig. 15  taken  from  ref. 16  presents  the  basic  flow  model.  The  rotor  wake  fluid  enters  the 
stator  passage  and  is  transported-due  to  its  slip  velocity  (sketch  at  top  of  Fig. 15)  - to- 
wards the  stator  blade  pressure  side.  Thus  the  wake  fluid  is  collected  near  pressure  sur- 
face and  tends  to  appear  in  the  stator  wakes. 

Non-uniform  steady  or  unsteady  flow  entering  a turbomachine  always  initiates  compli- 
cated dynamic  flow  processes  as  unsteady  blade  loading  particularly  in  the  rotor  blading. 
This  leads  to  strong  flow  fluctuations  in  all  stages,  to  part  stall  condions,  and  to  un- 
steady losses  (a.o  ref. 17  and  18).  Fig. 16  shows  a basic  example  of  inlet  distortion.  The 
flow  in  a subsonic  engine  intake  separates  at  the  nose  due  to  cross-wind  situation  produ- 
cing a non-uniform  pressure  distribution  ahead  of  the  compressor  (right  hand  side  sketch). 
Inlet  distortion  like  this  always  cause  a decrease  in  the  stall  margin  (diagr.  at  bottom) 
which  may  be  critical  in  engine  operation.  The  flow  phenomena  associated  with  upstream 
distortions  are  today  not  fully  understood;  current,  very  intense  R and  D activities  are 
aimed  at  developing  distortion  tolerant  compressors. 

Rotating  stall  is  another  important  unsteady  phenomenon  in  axial  compressors  involving 
rapid  pressure  and  lift  variations  on  the  rotor  blades  (ref. 19),  which  up  to  now  could 
not  be  studied  experimentally  because  the  appropriate  testing  techniques  were  missed.  Ro- 
tating stall  is  characterized  by  regions  of  retarded  flow  which  move  circumferentially  a- 
round  a rotor  blade  row  affecting  the  compressor  in  two  ways:  in  the  region  of  retarded 
flow  the  maximum  possible  pressure  rise  is  not  achieved  resulting  in  an  overall  perfor- 
mance decrease;  second,  the  stall  cells  rotating  around  the  blade  row  cause  periodic  loa- 
ding of  the  blades. 

Better  understanding  of  the  unsteady  phenomena  to  gain  adequate  design  rules  re- 
quire particulary  Interstage  measurements  of  the  fluctuating  flow  quantities,  require 
procedures  to  measure  the  unsteady  blade  pressures  and  to  discover  the  rotating  stall 
cel  1 s . 


TURBINES 


The  fundamental  flow  processes  In  turbines  do  not  differ  In  principal  from  those  In 
compressors.  Thus,  In  order  to  meet  the  previously  mentioned  R and  0 goals  of  turbine 
technology  an  experimental  program  very  similar  to  that  of  compressors  has  to  be  formula- 
ted for  the  analysis  of  the  turbine  flow  field,  however  with  main  emphasis  of  cooling  air 
bleeding  effects  on  the  turbine  aerodynamics , of  secondary  - and  clearance  leakage  flows. 
The  last  mentioned  flow  processes  play  a major  role  In  turbines  than  In  compressors  due  to 
the  considerably  higher  aerodynamic  loading  of  turbine  stages. 

Concerning  the  measuring  techniques  quite  different  requirements  exist  because  of  the 
very  high  gas  temperatures  at  turbine  Inlet.  The  application  of  hard-ware  probes  partlcu- 
1ary  of  high-natural  frequency  transducers  for  fluctuating  pressure  measurements  are  ra- 
ther limited  due  to  their  allowable  operating  temperature  range.  Non-lnstrusive  optical 
techniques  are  be-lleved  to  be  most  easily  suited  for  turbine  flow  field  studies.  Addi- 
tionally, flow  visualization  techniques  may  come  Into  question  to  Investigate  - at  least 
qualitatively  - the  phenomena  of  cooling  air  bleeding  Into  main  streams. 

COMBUSTORS 

Combustors  for  presentday's  and  future  aero-engines  are  subject  to  very  stringent 
requirements  which  are  partly  contradictory  and  which  cannot  be  met  without  better  know- 
ledge of  the  physical  processes  within  combustors.  Increasing  thrust-to-welght  ratio  of 
aero-engines  requires  extremely  short  combustors  with  decreased  residence  times  of  the 
gas  flow.  A comparison  between  a standard  and  an  advanced  flame  tube  Is  shown  In  Fig . 17 . 
Optimum  use  has  to  be  made  of  the  available  combustor  volume  with  respect  to  minimum  times 
for  fuel  distribution  and  evaporation,  mixing,  and  combustion.  Furthermore,  the  control 
of  combustion  process  Is  aggravated  by  the  omission  of  the  Intermediate  zone  air  ad- 
mission holes. 

A similar  optimisation  Is  also  necessary  for  the  processes  In  the  dilution  zone.  The 
achievement  of  a suitable  temperature  distribution  at  the  combustor  outlet  Is  vital  for 
high-pressure  turbine  life.  However,  the  Increasing  demand  for  flame  tube  cooling  air  - 
which  results  from  higher  primary  zone  temperatures  and  from  a decreased  cooling  capacity 
of  the  cooling  air  tends  to  decrease  the  available  amount  of  dilution  air.  Therefore, 
optimum  use  has  to  be  made  of  the  dilution  air  In  the  mixing  zone. 

Advanced  combustors  have  to  fulfill  the  air  pollution  standards  set  by  the  U.S.  En- 
vironmental Protection  Agency.  The  contemporary  decrease  of  carbon  monoxld,  unburnt  hy- 
drocarbons and  nitric  oxides  necessitates  the  develooment  of  new  combustor  concepts,  u- 
slng  features  like  prevaporization  and  premixing,  controlled  air  admission  to  the  primary 
zone  by  means  of  variable  geometry  and  staged  combustion.  In  order  to  fulfill  the  emis- 
sion standards  it  is  not  only  necessary  to  have  a direct  diagnostic  access  to  the  chemi- 
cal reaction  processes  but  also  to  develop  and  to  use  advanced  modelling  techniques  for 
the  calculation  of  the  combustion  process.  It  seems  to  be  unavoidable  to  use  simplified 
computation  models  the  validity  of  which  has  to  be  checked  against  experimental  evi- 
dence . 

Within  the  next  10  or  20  years  the  aviation  fuel  situation  will  be  characterized  by 
decreasing  availability  and  rising  prices.  This  will  lead  to  the  introduction  of  wide- 
speclficatlon-fuels,  which  are  specified  through  higher  boiling  ranges  and  also  higher 
c/h-ratlos.  Therefore  further  requirements  will  arise  with  respect  to  enhancement  of  fuel 
evaporation  and  suppression  of  soot  and  smoke  formation.  Many  of  the  above  tendencies 
apply  directly  to  after  burners,  too. 

For  the  successful  treatment  of  these  problems,  the  combustion  engineer  needs  advan- 
ced measuring  techniques  which  enable  direct  access  to  the  primary  zone  itself,  with- 
out disturbing  the  combustion  process  by  the  presence  of  probes.  Informations  are  needed 
of  flow  velocity,  density,  temperature,  gas  composition  including  pollutants  and  radicals. 

.jvelopment  of  realistic  claculation  models  needs  information  not  only  on  average 
out  also  on  fluctuating  quantities.  The  optimization  of  droplet  evaporation  needs  proce- 
dures for  measuring  droplet  distributions  inside  of  primary  zones  and  their  change  with 
time.  Improved  techniques  for  measuring  soot  and  smoke  particles  are  needed,  too.  Non- 
intrusive  optical  techniques  are  believed  to  be  well-suited  to  yield  the  necessary  in- 
formations . 

CONCLUDING  REMARKS  ON  REQUIREMENTS  TO  MEASURING  TECHNIQUES 

The  preceding  sections  deal  briefly  with  the  main  aerodynamic  research  and  develop- 
ment problems  of  aero-engine  components  and  give  a rough  survey  on  the  flow  quantities 
which  have  to  be  analysed  experimentally  for  an  adequate  solution.  To  study  the  flow  in 
compressors,  combustors,  and  turbines  already  well-known  experimental  techniques  may  be 
used  so  far  they  can  successfully  adapted  to  the  extreme  standards  of  aero-engine  appli- 
cations. In  detail  the  following  steps  must  be  done; 

Refinement  of  conventional  pressure,  temperature,  and  air  angle  measuring 
methods  for  the  analysis  of  the  mean  steady  flow  In  all  components  (particular 
attention  has  to  be  paid  to  the  probe  Integrating  effects  In  fluctuating  flows 
and  to  the  radiation  effects  In  hot  gas  sections). 

Application  of  miniaturised  high-natural  frequency  transducers  for  the  mea- 
surement of  unsteady  wall,  total,  and  blade  surface  pressures  (extension  of 
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transducer's  operating  range  to  higher  temperatures  Is  desired). 

Improvement  of  pulsed  laser  holography  for  the  analysis  of  3-d1mens1ona1  shock 
patterns  In  rotor  and  stator  blading. 

Further  development  of  Raman  spectroscopy  for  the  local  measurement  of  tempera- 
ture, density,  and  species  concentration. 

Examination  of  the  capability  of  gaseous  fluorescent  techniques  for  fluid  density 
analysis. 

Extension  of  laser  velocimetry  to  the  local  analysis  of  three  flow  components 
and  to  the  measurement  of  wall  and  blade  boundary-layers. 

Refinement  of  clearance  measuring  devices  (ref. 21)  particularly  for  the  applica- 
tion In  hot  gas  turbine  sections. 

Development  of  techniques  for  rotating  stall  detection,  e.g.  on  hot-wire  basis. 

Improvement  of  Infrared  pyrometry  for  the  measurement  of  turbine  blade  tempera- 
ture fields. 

The  efficient  application  of  these  measuring  techniques  to  aerodynamic  testing  of 
engine  components  however  depends  largely  upon  the  availability  of  appropriate  electronic 
systems  which  take  real  advantage  of  the  methods  themselves  and  which  may  help  to  save 
time  and  man  power  during  the  tests.  On  the  other  side,  adequate  evaluation  techniques 
have  to  be  provided  In  order  to  Interpret  fully  the  extensive  experimental  data. 

Now,  the  subsequent  expert  lectures  will  primarily  cover  the  relatively  small  area 
- with  respect  to  the  preceding  list  - of  laser  anemometry,  a new  field,  however,  which 
opens  very  promising  prospects  for  aero-engine  research  and  development. 
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Fig.  3 Increase  In  cycle  pressure  ratio  since  1945  (ref. 4) 
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Fig.  4 Current  compressor  efficiency  versus  stage  pressure  ratio  (ref. 4) 
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Fig.  5 Progress  in  turbine  entry  temperature  since  1945  (ref. 4) 
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Fig.  7 Specific  fuel  consumption  of  current  and  advanced  small  engines  (ref. 6) 
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Fig. 17  Comparison  of  standard  and  advanced  flame  tubes  (ref. 20). 
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S U 11  M ART 


With  the  exception  of  laser  doppler  velocinietar  measurenent 
techniques  which  will  he  covered  during  another  session,  the  rain 
optical  nethods  providing  quantitative  infornation  on  gas  flows  are 
presented  in  this  paper. 

Are  concerned  : 

- Those  usable  in  compressible  flow,  based  on  the  deformation  of  a 
light  wave  crossing  a medium  (interferometry)  or  light  rays  devia- 
tions accompanying  these  deformations  (schlieren  techniqus  and 
shadowgraphy) . These  methods  allow  to  measure  either  shook  pattern 
shape  in  transsonic  and  supersonic  flows  or,  in  some  oases,  gas 
density  fields.  A few  examples  on  stationary  or  rotating  blade 
cascade  flows  will  be  given  and  holographi'  advantages  to  gat  inte>- 
ferograras  will  be  shown. 

— Spontaneous  or  stimulated  Baman  scattering  which  provides  origina.l 
means  to  determine  the  concentrations  and  temperatures  of  given 
components  within  the  flame  itself. 

It  is  difficult  to  apply  moat  of  these  methods  to  the 
engines  themselves.  Their  use  on  test  rigs  simulating  the  oonditions 
to  be  onoountered  in  engines  is  described. 


1 - Introduction 

Optical  methods  are  ccnmonly  used  in  aero- 
dynamic research,  not  only  for  flow  visualization, 
but  also  for  density  or  temperature  distribution 
measurement. 

The  main  advantage  of  these  methods  lies 
in  the  fact  that  the  interaction  between  the  gas 
flow  and  the  light  beam  does  not  generate  any 
flow  disturbances. 

However,  the  application  of  these 
methods  to  the  study  of  the  inner  flow  of  a real 
aero-engine  is  very  often  difficult,  if  not 
impossible.  As  a matter  of  fact,  no  window  can 
be  made  for  the  penetration  of  a light  beam  into 
the  part  of  the  engine  to  be  investigated,  i.e. 
rotor  carrying  blades,  combustion  chamber,  etc. 
Therefore,  optical  methods  are  mainly  used  at  the 
research  stage,  on  experimental  set-ups  simulat- 
ing partial  engines,  the  design  of  which  includes 
optical  windows. 


The  pr inc iples  governing  the  use  of 
interfercmetry  for  the  measurement  of  flow 
density  fields  and  the  use  of  Raman  scattering  for 
temperature  measurements  in  hot  gases  will  be 
covered  to  illustrate  the  applications  of 
optical  methods.  These  operational  means  of 
measurement  have  been  recently  developed  as  a 
result  of  the  use  of  laser  sources  providing 
both  monochrcmatic  light  and  high  power  density. 

2 - Interfercmetry 

2.1  - PrinciEi? 

Interfercmetry  is  the  basic  optical 
method  permitting  visualization  and  density 
measurements  in  a flow  field,  which  has  been 
applied  since  the  inception  of  aerodynamic 
studied  [1].  Although  the  Mach-Zehnler  type  inter- 
fercmeter  is  the  most  highly  developed  instrument 
for  use  in  wind  tunnels,  the  principles  of  inter- 
fercmetry will  be  dononstrated  with  a Michelson 
type  interfercmeter,  as  this  type  is  much  easier 
to  use  in  aero-engine  research. 


The  main  optical  parts  of  a Michelson 
interferaneter  are  a beam  splitter  and  two 
mirrors,  as  shown  on  figure  I. 

The  light  beam  ccming  out  of  a laser  is 
expanded  by  means  of  a telescopic  optical  system 
including  a diverging  lens  and  a converging 

lens  Lp.  The  beam  splitter  S receiving  the  beam, 

transmits  a part  of  the  incident  light  to  the 
jilane  mirror  Mi  and  reflects  the  other  part  of 
this  light  to  the  plane  mirror  M„. 


flow  direction 


Figure  1 - Michelson  interferometer  optical 
diagram. 


One  face  of  the  beam  splitter  is  coated  with  a 
thin  dielectric  layer  in  order  to  get  about  half 
the  light  transmitted  and  about  the  other  half 
reflected. 

The  light  reflected  by  M^  is  then 

reflected  by  the  beam  splitter  S towards  the  lens 
hj,  and  the  light  reflected  by  is  trananitted 

to  the  same  lens  . The  latter  is  a converg  ng 
lens  ard  the  light  falls  on  the  screen  E. 

The  test  chamber  for  the  aerodynamic 
flow  is  located  between  the  plane  mirror  M^  and 

a plane  glass  window  W,  so  that  the  direction  of 
propagation  of  the  light  is  perpendicular  to  the 
flow.  Finally,  a lens  L|^  sends  an  image  of  the 

test  chamber  towards  the  screen  E. 

A given  point  P of  the  screen  receives 
two  rays  of  light  from  the  same  laser  source, 
one  ray  is  trasmitted  by  S,  reflected  by  , 

reflected  by  S and  transmitted  by  and  Lj^;  the 

other  ray  is  reflected  by  S,  transmitted  by  W, 
reflected  by  Mg,  trananitted  by  W,  then  S, 

and  Lj^.  These  two  rays  can  interfere  with  each 
other.  At  the  point  P,  the  resulting  intensity  I 
is  given  by  the  relation 


('I  + 


Incident  intensity  on  the  beam  splitter  S 
(the  coating  on  S is  supposed  to  have  50j! 
transmission,  50%  reflection  and  no 
absorption) 

: Phase  difference  between  the  waves 
I corresponding  to  the  two  rays. 


The  phase  difference  can  be  expressed 
as  follows  ; 


A : Light  wavelength 

^ : Optical  path  difference  between  the  two 


The  optical  path  is  the  product  of  the 
geometrical  length  L travelled  by  the  light  from 
one  point  to  another,  and  the  refraction  index  n. 

A = nL  (3) 

being  the  ratio  of  the  speed  of  light 
in  the  vacuum  to  the  speed  of  light  in  the 
medium,  this  optical  path  is  the  length  that  the 
light  would  have  covered  while  propagating  in  the 
vacuum  during  the  same  period  of  time. 

With  air  in  the  test  chamber,  the 
refractive  index  n is  the  same  at  all  points 
along  both  light  paths  » SM^S  and  Lg  = SMgS. 

Then,  the  optical  path  difference  is  given  by  : 

J"-  /I  ^ ~ ) ( h ) 


Let  us  consider  a virtual  mirror  M'g 
which  is  the  image  of  the  mirror  Mg  produced  by 

the  reflection  on  the  coated  face  of  the  beam 
splitter  S.  If  M^  and  M'g  are  parallel,  the 

optical  path  difference  is  the  same  for  all  the 
rays  of  the  incident  light  beam.  Thus,  the 
optical  path  difference  o is  the  same  for  each 
point  P on  the  screen.  Therefore,  the  phase 
difference  y is  a constant,  as  well  as  the 
intensity  I,  given  by  (l),  over  the  whole  screen; 
this  condition  is  called  "infinite  fringe  width 
alignment"^  The  intensity  value  is  a function 

of  or  0 - • 

maximum  for  : bright  fringe 

minimum  for  or  S-=.  + fringe 

where  -A.  is  an  integer  (positive  or  negative)or 
zero.  The  screem  appears  uniformly  bright. 

For  a small  rotation  £_  of  the  mirror 
M the  reflected  ray  of  light  rotates  by  2C,  and 
the  two  interfering  rays  cross  each  other  on  the 
screen  at  an  angle  T|  given  by  : 

^ (5) 

The  phase  difference  ^ becomes  a 
linear  function  of  the  distance  along  a direction 
X and  a fringe  pattern  appears  on  the  screen. 
Fringes  of  such  a pattern  are  equidistant, 
parallel  to  each  other  and  perpendicular  to  the 
direction  x.  The  direction  x is  parallel  to  the 
line  of  intersection  of  two  planes  : one  of  them 
contains  the  two  interfering  rays  and  the  other 
is  that  of  the  screen  E. 

The  constant  fringe  spacing  is  given 


-A_-  J — ^ 

1 /i 


In  conclusion,  the  fringe  spacing  can 
be  varied  with  the  value  of  the  angle  , and 
the  fringe  direction  with  the  direction  of  the 
axis  of  rotation  of  the  mirror  M. . This 


configuration  is  called  finite  fringe  width 
alignment" . 

2.2  - A2gli^tion_to_aerodynamica_f^ws 

2.2.1  - General_c ase 

In  the  case  of  light  propagating  in  a 
gas,  the  refractive  index  n depends  on  the 
physical  state  of  the  gas  (pressure  and 
temperature).  The  Gladstone-Dale  relation  is  the 
following  : 


K : molecular  refractivity  (dependent  on  the 
gas  mixture) 

^ : gas  density 

with,  for  a perfect  gas  : 

f-  ^ 


M : molecular  mass 
R : gas  constant  per  mole 
p : pressure 
T : temperature 

In  an  high  speed  aerodynamic  flow 
around  a model,  the  gas  density  p varies  from 
one  point  to  another  with  the  pressure  and  the 
temperature  due  to  the  compressibility  effect. 
Thus,  the  optical  path  along  a ray  propagating 
in  this  medium  is  given  by  : 


n^  : refractive  index  at  a point  i 
dl  : elementary  geometrical  path 

Let  us  consider  again  the  interferometer 
shown  on  figure  1 . Between  the  glass  W and  the 
mirror  M2,  the  rays  of  light  propagate 

perpendicularly  to  the  flow. 

Without  a flow,  the  optical  path  in  the 
chamber  is  : 

n : refractive  index  in  the  chamber 
e : distance  between  w and  M2 

Including  relation  (It),  the  optical 
path  difference  in  the  interferogram  on  the 
screen  bee  ernes  : 


na-’  air  refractive  index  outside  the  chamber 

: optical  path  difference  with  air  in  the 
c hamber . 

With  a flow,  taking  relation  (9)  into 
acccunt,  the  optical  path  difference  becomes  : 

= <■  / (12) 


The  integration  limits  and  A2 

correspond  respectively  to  the  point  of  incidence 
in  the  flow  and  to  the  point  of  emergence  out 
of  the  flow,  after  reflection  by  the  mirror  M2. 

With  the  infinite  fringe  width 
alignment,  Oo  ^ constant  over  the  screen,  as 
stated  above,  and  the  fringes  observed  on  the 
screen  are  lines  of  e(jual  optical  path  difference 
in  the  flow  (fig. 2). 


Figure  2 


Transonic  flow  in  wind  tunnel  test 
chamber  along  a half  profile  mounted 
on  the  lower  wall.  The  shock  wave  is 
attached  to  the  model  trailing  edge 
and  successively  reflected  on  the  upper 
and  lower  wall.  Infinite  fringe  inter- 
ferogram. 


With  a finite  fringe  width  alignment, 
parallel  and  equidistant  frizes,  corresponding 
to  the  linear  variation  of  Og  in  a given 
direction,  are  distorted  by  the  propagation  of 
light  through  the  flow  (fig.3). 
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Figure  3 - Same  flow  conditions  as  for  figure  2. 
Finite  fringe  interferogram. 


In  order  to  get  the  values  n^  at  each 

point  P(x,y)  on  the  screen  plane,  it  is  necessary 
to  know  a relation  of  the  variation  of  n.  along 

the  direction  of  propagation  of  light  i.  This  is 
only  possible  in  a few  cases;  the  two  main  ones, 
which  will  be  considered  are  : two  dimensional 
flows  and  ax i symmetrical  flows. 


2.2.2  - Two^imenaional_flows 

A flow  is  called  two-dimensional  when 
it  may  be  assumai  that  the  gas  density  p (and 
also,  according  to  (7),  the  refractive  index  n) 
is  a constant  along  a ray  of  light,  in  the 
direction  z. 

Then,relation  (12)  becomes  ; 

n : refractive  index  at  a point  P(x,y)  on 
^ the  screen. 

Let  us  observe  again  figures  2 and  3 
which  are  interferograms  of  the  same  aerodynamic 
flow,  respectively  with  infinite  and  finite 
fringes.  We  first  see  that  the  former  contains 
less  fringes  than  the  latter.  If  we  consider 
that  numerical  values  can  only  be  obtained  along 
the  dark  fringes,  it  appears  that  a much  greater 
number  of  measurement  points  could  be  given  by 
the  finite  fringe.  This  type  of  adjustanent  offers 
additional  aivantages  for  data  processing.  In 
fact,  with  finite  fringes,  the  sign  of  the 
difference  from  one  fringe  to  the  next  is 
unambiguous;  it  is  the  same  in  the  whole  inter- 
ferogram,  along  the  same  direction.  With  infinite 
fringes,  it  is  not  possible  to  know  if  this 
difference  is  increasing  or  decreasing.  Also,  when 
fringes  are  sulmitted  to  a rapid  density  change 
as  in  a shock  wave,  only  the  finite  fringe  width 
alignment  makes  it  possible  to  follow  the  same 
fringe  from  one  side  to  the  other. 

For  these  reasons,  finite  fringe  inter- 
ferograms  are  not  often  used  for  data  processing 
purposes.  Let  us  consider  again  relation  (13). 

In  this  case,  the  refractive  iidex  without  a flow 
01,, is  a constant  but  io  is  a function  of  the 
position  of  the  point  P in  the  field. 

<$)P=-  + -5  d- 


The  interferogram,  recorded  on  a photo- 
graphic plate,  is  processed  along  lines  crossing 
all  the  fringes,  with  a microdensitometer 
connected  with  a microprocessor  in  order  to 
determine  the  maximum  opticeil  density  (bright 
fringe)  and  the  minimum  density  (dark  fringe) 
abscissis  [2]  . p p 

The  absolute  values  of  O^p  and  Opp  are 
unknown;  therefore,  we  consider  a reference  point 
R in  the  field,  where  the  gas  density  is  and 
the  refractive  index  For  this  reference 

point,  we  derive  frcm  (l4)  : 

+■  (15) 


Subtracting  (15)  frcm  (lU),  we  get  : 

Let  us  consider  the  first  member  of  this 
relation.  We  know  that,  frcm  one  fringe  to  the 
next,  the  optical  path  difference  is  one  wave- 
length; therefore  : 

^1P  - ^ (17) 

fringe  number  between  R and  P 

measured  on  the  interferogram  with  a flow.  A 
fractional  part  of  this  number  is  obtained  by 
interpolation  between  the  two  nearest  fringes 
located  at  either  side  of  a point  (R  or  P). 


Let  us  consider  now  the  dof-  term 

of  the  (l6)  second  membo: . Its  value  is  obtained 
fran  the  interferogram  without  a flow  on  which 
the  fringe  spacing  is  a constant  everywhere, 

so  that  ; 

^ 


Finally,  from  the  Gladstone-Dale 
relation  (7),  we  get  : 


'^R=  ( f^P  -fn) 


Substituting  (17),  (18)  and  (19)  in 
(l6),  we  get  : 

N,p,=  2£^+MS,^'(.p-fp),a„ 


2i(e, 


PZl±) 
<0  / 


Measuring  °n  the  interfarogram 

with  a flow,  VppR  or  iC-p-  '^o  I'*’® 

interferogram  without  a flow  and  knowing  \ , K 
and  e,  we  obtain  the  difference  in  gas  density 
between  the  points  R and  P. 

It  is  often  easy  to  get  the  value 
of  the  gas  density  at  a given  reference  point  R, 
for  example,  by  Pitot  gauge  measurements; 
therefore  the  absolute  value  is  deduced  frcm 

relation  (21 ).  I 

2.2.3  - 

In  this  case,  we  consider  that  the  flow 
has  an  axis  of  revolution,  as  around  a conical  or 
cylindrical  model,  the  flow  direction  being 
parallel  to  this  axis. 

An  axisymmetrical  flow  around  a 
spherical  model  is  shown  on  figure  1*;  we  see  that 
the  revolution  part  is  bounded  by  the  shock  wave. 
Outside  of  the  shock,  the  refractive  index  is  a 
constant  n.  Inside  the  shock,  the  refractive 
index  is  constant  along  circles  the  centers  of 
which  are  on  axis  of  revolution,  but  varies  with 
the  radii  of  the  circles. 


Figure  U - Super  sonic  flow  around  a spherical 
model;  finite  fringe  interferogram. 


Axisymmetrical  flow  interferograms  can 
be  processed  by  several  methods.  One  simple  method 
will  beconsiderai  here.  Let  us  consider  figure  5, 
showing  rays  of  light  p-opagating  in  a plane 
perpendicular  to  the  flow.  Each  ray  is  designated 
by  a subscript  i (integer).  The  refractive  index 
is  'tl:  between  circles  of  radii  r and  r 


(respectively  the  shock  wave  and  a circle  tangent 
to  the  ray  i);  it  is  n^_,  between  circles  of 
radii  and  X^-  ^ , aid  so  on. 


n 

1 y 

1 

''C  \\\  r 

'<\\\\  T 

mmmmamma. 

senmmaM 

2 

Figure  5 - Rays  of  light  through  an  axisymmetr ical 
flow;  section  of  a plane  perpendicular 
to  the  flow  direction. 


For  each  ray,  the  optical  path  between 
the  wiidows  are  : 


where  ; 

fringe  number  measured  on  the  inta:- 
ferogram  with  a flow. 

number  measured  on  the  inter - 
ferqgram  without  a flow. 

The  refractive  index  is  deduced 
frcD  relation  (27)  and  enable  us  to  obtain  the 
corres,,jnding  gas  density  according  to  the 

Gladstone-Dale  relation  (7). 

Then,  using  the  other  equations  in 
(22)  we  can  obtain  the  other  values  of 
corresponding  to  different  point  . 

I do  not  intend  to  describe  the 
principle  of  holography.  This  has  been  done 
recently  very  successfully  by  J.D.  &olinger  in 
Agardograph  n°l86  on  "Laser  Instrumentation  for 
Flow  Field  Diagnostics"  to  which  you  should  refer 
for  basic  information  [3] . I would  only  like  to 
show  here  how  the  use  of  interferometry  in  the 
aerodynamic  field  is  improved  by  this  new 
technique.  As  to  classical  interf erometry  dealt 
with  in  chapter  2,  it  will  be  assumed  that,  for 
aero-engine  applications,  investigations  have  to 
be  carried  out  in  a cavity  which  can  be  close  by 
one  window  on  a single  side. 

3.2  - How  to  modify  Michelson  interferometer 
C92  holographic  pm-poses 


A + z(-K^-r^)  zl,  + i (n-  n, ) ^ 

A.1^  -I-  2-K-r 

: optical  path  outside  the  axisynimetrical 
flow,  therefore  ; 

A = >te-  (23, 

The  interferograms,  obtained  with  an 
interferometer  of  the  Michelson  type  (figurel), 
are  processed  with  a microdensitometer  like  two- 
dimensional  interferograms.  At  a given  position 
X along  the  axis  of  revolution  (x  parallel  to  the 
flow  direction),  the  values  of  versus  those 
of  in  the  direction  y are obtained.  According 
to  (12),  the  path  difference  at  a point  P 
corresponding  to  the  ray  i,  is  given  by  ; 

+ 2 (2U) 

where  the  subscript  o corresponds  to  the  condition 
without  a flow. 

Taking  (22)  into  account,  we  have  : 

(25) 

For  a reference  point  R in  the  field, 

we  get  : 

{ 'll  - It  5^  (26) 


Figure  6 - Holographic  interferometer  optical 
diagram  derived  from  a Michelson. 

a)  Hologram  recording 

b)  Interferogram  reconstruction. 


Subtracting  (25)  and  (26),  we  obtain  : 

X + V tn, - 1;  J I^zf  (27) 


Let  us  consider,  on  figure  6a,  an 
interferoneter  of  the  Michelson  type,  similar  to 
that  shown  on  figure  1 , but  from  which  lenses 
L3  and  L|^  have  been  raooved.  Mirror  H2  is 
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adjustecl  in  order  to  achieve  finite  fringes,  that 
is  to  say  mirror  is  not  parallel  to  image 
mirror  M'g  and  they  are  set  at  an  anglet.  On  a 

plane  H,  2 £■  is  the  angle  between  the  two  light 
waves  issuing  respectively  frcm  and  Mg;  thus 

we  get  a parallel  fringe  pattern,  the  fringe 
spacing  of  which  is  X/2S-.  This  fringe 
pattern,  recorded  on  a photographic  plate, 
constitutes  a hologram. 

This  kind  of  interferaneter  can  be  used 
in  two  ways  : stared  beam  holographic  inter - 
fercmetry  double  exposure  holographic  inter- 
f ercmetry. 

3.2.1  - Stor^  beam  holographic  interferometry 

The  hologram  is  first  recorded  on  the 
photographic  plate  without  a flow.  After  exposure, 
the  plate  is  removed  from  the  plate  holder  to  be 
developed  and  put  back  exactly  in  the  same  place 
in  the  plate  holder.  Then,  lenses  L_  and  Lj^ 

(fig. 6b)  are  introduced  again;  an  infinite  fringe 
interf erogram  of  the  chamber  is  obtained  on  the 
screen  E.  A finite  fringe  interferogram  can  be 
obtained  just  by  rotating  mirror  (change  of  the 

value  t ) • With  a flow,  the  fringes  obtained  on 
the  screen  are  distorted  and  by  processing  this 
interferogram,  we  get  A^jp^directly  as  given  by 
relation  (20). 

3.2.2  - Double  exposure  holographic  inter- 

f ercmetry. 

Both  exposures,  without  and  with  a flow, 
are  successively  made  on  the  same  holographic 
plate,  which  is  then  removed  for  development 
purposes  and  placed  back  in  the  plate  holder.  The 
interferogram  is  reconstructed  by  lighting  the 
hologram  with  the  reference  beam  reflected  by 
the  mirror  , the  other  beam  reflected  by  mirror 

Mg  being  stopped,  for  example  by  means  of  a shutter 
placed  before  the  window.  Lenses  L^  and  Lj^  are 

then  introduced  and  the  interferogram  is  obtained 
on  the  screen  E.  The  finite  fringe  adjustment  can 
also  be  obtained  by  a slight  rotation  of  mirror 
before  making  the  second  exposure.  As  in  the 
case  of  the  stored  beam  method,  the  processing 
of  this  interferogram  gives  A/jpudirectly. 

3.3  - Advantages  of  holographic  interferometry 

We  have  seen  that  the  holographic  inter- 
ferogram corresponds  to  the  difference  in  shape 
of  the  light  waves  successively  with  and  without 
a flow  in  the  test  chamber.  As  a result,  contreu-y 
to  a Michelson  interferometer,  neither  very 
precise  optical  parts  (glass  homogeneity  and  face 
flatness)  nor  a fine  mechanical  adjustment  of 
these  parts  are  necessary.  In  fact,  the  inter- 
ferometer state  is  recorded  on  the  hologram 
dxiring  the  first  exposure  even  if  the  holographic 
fringes  are  not  parallel  and  equidistant.  A 
similar  fringe  pattern,  altered  only  by  the 
presence  of  the  flow  or  by  the  rotation  of  the 
mirror  M, , is  then  superimpjosed  or  recorded  on 
the  first  fringe  pattern  during  the  second 
exposure.  The  resulting  moire  fringes  make  it 
possible  to  obtain  the  interferogram  on  the 
screen.  It  may  be  said  that  the  interferometer 
state,  with  its  imperfections,  was  set  in 
mancry  by  the  first  exposure.  Considerable 
advantages  result  fron  these  features  : as  the 
optical  part  are  less  precise  and  the  mechanism 
simpler,  the  device  is  much  cheaper,  as  well  as 
easier  to  operate.  In  addition,  holographic 
interferometry  Offers  a great  advantage  : not 
only  the  mirror  Mg  in  the  test  chamber  does  not 
require  a pjrecise'^optical  surface,  but  it  can 


even  be  unp>olished,  scattering  reflected  light. 
This  is  very  useful  for  aero-engine  applications 
in  which  it  is  often  difficult,  not  to  say 
impossible,  to  introduce  an  optical  surface 
inside  a cavity. 

The  optical  diagram  of  the  holographic 
interferometer  shown  on  figure  6 was  chosen  fcr 
the  purpose  of  an  easier  comparison  with  the 
Michelson  interferometer.  But,  with  holography, 
there  is  no  need  to  expand  the  reference  beam. 
Many  other  optical  arrangements  are  t)us 
possible;  figure  7 shows  an  example  thereof. 

The  laser  beam  is  divided  in  two  parts  by  the 
beam  splitter  S^.  The  reference  beam,  reflected 

by  is  successively  reflected  by  mirrors  Mg, 

Mj  and  Mj^,  and  enlarged  by  the  diverging  lens 

D towards  the  holographic  plate  H.  The  beam 
designated  by  the  expression  "object  beam",  is 
trananitted  by  , enlarged  by  the  telescopic 

system  including  a diverging  lens  and  a 
converging  lens  L„,  and  reflected  to  the  test 
chamber  by  the  beeim  splitter  Sg;  this  chamber  is 

closed,  on  one  side,  by  the  transparent  window  W 
and,  on  the  other  by  the  mirror  M^ . The  "object 

beam",  reflected  by  the  latter  mirror  is 
transmitted  through  the  window  aid  through  the 
beam  splitter  Sg  and  falls  on  the  holographic 

plate  where  it  interferes  with  the  "reference 
beam"  to  form  the  holographic  fringe  pattern. 

The  stored  beam  and  the  double  exposure  methods 
are  both  possible  with  this  interferometer  and 
lenses  L^  and  Lj^  make  it  possible  to  obtain  real 

time  or  reconstructed  interferograms  on  the  screen 

E. 


Figure  7 - Holog'aphic  interferometer  with  an 
unexpended  reference  beam. 


U - Application  in  the  Field  of  Aero-Engine 
Studies. 

The  main  modern  aero-engines  are  turbo- 
machines including  compressors  within  which  the 
flow  velocity  gets  increasingly  higher,  reaching 
transonic  and  supersonic  domains.  It  becomes 
very  difficult,  if  not  impossible,  to  use 
classical  probes  for  aerodynamic  measurements 
(pressure,  temperature,  flow  velocity)  without 
creating  disturbances.  In  spite  of  difficulties 
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due  to  environnental  conditions  (vibrational  and 
thermal  noises,  difficult  access),  considerable 
efforts  were  made  to  develop  optical  methods, 
mainly  because  they  are  non-intrusive  [U], 

In  such  flows,  gas  ccmiressibility 
effects,  leading  to  density  changes,  require  the 
use  of  optical  methods  based  on  the  determination 
of  refractive  index  variations  (interfercmetry), 
or  of  the  associated  refraction  of  rays  of  light 
( shad owgr aphy  and  schlieren).  As  a first 
attempt  to  study  the  flow  field  near  and  between 
the  blades,  experiments  were  conducted  on  plane 
stationary  blade  cascades  [U]  , 1_5J.  In  such 
cascades,  the  flow  is  approximately  two-dimensional 
and  all  the  optical  methods  can  be  used  as  easily 
as  in  wind  tunnels.  An  example  of  such  a flow 
field  is  shown  on  figure  8.  Visualization  is 
achieved  by  schlieren  methods;  coloured  schlieren 
pictures  were  used  but  the  photograph  reproduced 
here  is  in  black  and  white.  Such  a picture 
provides  a means  to  measure  the  shape  and  the 
angle  of  incidence  of  the  shock  wave  are!  to  deduce 
the  Mach  number  in  some  points.  The  limits  of 
the  transition  between  the  laminar  and  the 
turbulent  flow  can  also  be  seen.  With  the  flow 
velocity  or  the  mass  flow  rate  as  a parameter, 
the  stability  regimes  are  determined.  Besides, 
as  the  conditions  are  two-dimensional,  inter- 
fercmetry  makes  it  possible  to  measure  the  density 
flow  field . 


Figure  8 - Schlieren  photograph  of  the  flow  field 
in  a plane  stationary  blade  cascade. 

However,  such  a model  takes  no  account 
of  the  helicoidal  flow  effect  occurring  in  a real 
compressor.  Therefore,  additional  experiments  were 
conducted  on  an  annular  stationary  blade  cascade 
[6j.  The  hub  carrying  the  blade  is  a polished 
cylinder;  visualization  is  effected  in  front  of 
a window  with  cylindrical  faces  concentric  with 
the  hub.  A special  schlieren  device  with 
cylindrical  lenses  makes  it  possible  to  get 
coloured  or  black  and  white  flow  field  pictures 
as  shown  on  figure  9-  It  is  also  possible  to  use 
a holographic  interferometer,  even  with  an 
unpolished  hub,  which  would  make  it  possible  to 
measure  the  approximately  two-dimensional  density 
field.  However,  difficulties  are  created  by  the 
thermal  effects  appearing  on  the  hub  during  the 
run  [7]  . The  dilatation  of  the  unpolished  hub 
surface  is  such  that  it  is  impossible  to  use 
double  exposure  holographic  interferometry, 
making  the  first  exposure  before  starting  the 
flow  and  the  second  during  the  run. 

To  reduce  these  thermal  disturbance 
effects,  two  other  methods  can  be  applied,  using 
a pulse  laser  ( Q -switched  ruby  laser)  as  a light 
source.  The  first  method  consists  in  making  both 
exposures  immediately  one  afto-  the  other  during 


the  run.  As  the  flow  is  not  perfectly  stationary, 
the  shock  wave  positions  are  slightly  different 
for  each  exposure,  and  reconstructed  differential 
interferogram  shows  the  shock  wave  and  the 
turbulent  region  of  the  flow.  With  the  other 
method,  the  first  exposure  is  made  during  the 
run.  Then  the  flow  iS  rapidly  stopped  and  the 
other  exposure  is  male  afterwards. 


Figure  9 - Schlieren  photograph  of  the  flow  field 

in  an  annular  stationary  blade  cascade. 

The  following  step  is  the  study  of  a 
single  rotor  with  short  blades  where  the  flow  is 
approximately  two-dimensional.  In  this  case, 
visualization  was  achieved  with  a cylindrical 
schlieren  systan  jS}  . A small  part  of  the  rotor 
was  polished  and  a pulse  light  source, 
synchronized  with  the  position  of  this  polished 
part,  was  used  . Schlieren  pictures  can  be  taken 
for  different  positions  of  the  rotor  in  front  of 
the  window,  by  means  of  a delay  line.  For  various 
flow  conditions,  the  bow  shock,  the  interblade 
shock  and  the  turbulent  regions  can  be  seen. 
Pulsed  laser  holographic  interferometry  could 
be  used  for  measurements  of  the  density  field 
but  this  possibility  was  not  investigated. 

Schlieren  pictures  of  a rotor  in  freon 
gas  are  shown  on  figure  10,  ard  figure  11  shows 
the  flow  within  the  stationary  diffuser  of  a 
centrifugal  canpressor. 

Finally,  experiments  were  conducted  on 
rotors  with  long  helicoidal  blades.  In  this  case, 
the  flow  is  essentially  three-dimensional  and 
even  by  resorting  to  interferometry,  it  is 
impossible  to  reconstruct  the  flow  density  field. 
However,  the  observation  of  shock  waves  and 
turbulent  regions  remains  a very  important 
objective. 

A special  device  was  built  by  ONBRA  to 
study  the  flow  inside  a rotor  rotating  in  freon 
gas.  Bow  shocks  near  the  leading  edges  of  the 
blades  are  visualized  by  shadowgraphy,  shock 
shadows  being  projected  on  a screen  (scotchlite) 
glued  on  the  interblade  face  of  the  rotating  hib. 
With  a special  dual  channel  shadowgraph  using 
spark  lamps,  two  images  can  be  made  from  two 
viewing  angles  in  order  to  reoonstruot  the  bow 
shock  shape  stereoscopically  [9^  . Such  a pair  of 
stereoscopic  images  is  shown  on  figure  12. 
Interesting  experiments  were  also  conducted  with 
real  compressor  by  several  U.S.  teams  on  behalf 
of  NASA.  They  built  a holographic  interferometer 
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with  a double  pulse  light  source.  This  source 
is  a Q-switched  ruby  laser  with  a 10  microsecond 
pulse  interval.  Each  pulse  produces  a hologram 
on  the  photographic  plate  , the  blades  being 
slightly  shifted  by  the  rotor  motion.  As  the  laser 
light  is  reflected  on  the  diffuse  face  of  a 
stationary  taib,  it  is  possible  to  reconstruct 
several  differential  inter ferograms  from  the 
hologram  illuminated  with  a helium  neon  laser. 
These  interferograms  show  the  bow  shocks  generated 
by  the  blade  leading  edges,  from  different  viewing 
angles.  The  three-dimensional  shape  of  the  shock 
waves  can  then  be  reconstructed. 


Figure  10  - Schlieren  photograph  of  the  flow  field 
in  a rotating  blade  cascade  in  freon 
gas. 


Figure  11  - Schlieren  photographs  of  the  flow  field 
in  the  stationary  diffuser  of  a centri- 
fugal ccmpresEor.  Constant  rotation 
speed  : 8000  r.p.m.,  variable  mass 
flow  rate. 


6000  r.p.m. 


8000  r.p.m. 


a)  Supersonic  flow.  Rotation  speed  Figure  12  - Stereoscopic  images  couple  from  which 

6000  r .p.m.  bow  shock  shape  can  be  reconstructed. 

b)  Sequence  of  pictures  for  different 
rotation  speed. 


5 - Optical  Measurements  in  Flames 
5.1  - Intr oductory_ranarks 

Physical  and  chemical  measurements  in  hot 
reactive  media,  such  as  flames,  are  difficult  to 
perform.  The  use  of  material  probes  such  as 
thermocouples,  pressure  gauges,  sampling  probes 
is  generally  ruled  out  not  only  because  they  could 
be  rapidly  destroyed,  but  also  because  they 
disturb  hot  gas  flows  and  chemical  compositions. 
The  non-intrusive  nature  of  optical  methods,  due 
to  the  weak  interaction  between  light  and  gases, 
is  therefore  appreciated  in  this  domain. 

Interferometric  methods  could  be  applied  to 


determine  density  distribution,  but  their 
disadvantage  lies  in  the  fact  that  they  provide 
only  integrated  values  along  the  light  path  within 
the  flow  which  is  most  often  three-dimensional. 

Scattering  optical  methods  provide  means 
to  carry  out  local  measurements  inside  a medium, 
and  are  therefore  suited  to  this  field  of  research. 

An  intense  light  beam  {ropagating  in  the 
air  becomes  visible  from  all  directions,  due  to 
scattering.  The  main  part  of  the  scattered  light 
has  the  same  colour  as  the  incident  light  beam 
itself  ; one  part,  called  Mie  scattering. 


orisinatea  frcn  particles  (dust  or  liquid  droplets 
{resent  in  the  air,  and  another  Rayleigh  scatto*- 
ing,  frcm  gas  molecules.  Most  often,  in  unfiltered 
gas,  Mie  scattering  is  several  orders  of  magnitude 
highor  than  the  Rayleigh  scattering.  Spectral 
analysis,  conducted  with  a spectrograph  (fig. 13), 
shovs  veah  lines  appearing  on  each  side  of  the 
Mie  and  Rayleigh  intense  lines.  These  Raman  lines 
which  are  less  intense  than  the  latter  by  several 
orders  of  magnitude,  are  caused  by  moleeular 
vibrations. 
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VIBRATIONAL  0-BRANCH  BANOS 


Figure  13  - Schematic  of  Rayleigh,  rotational 

Raman,  and  vibrational  Raman  scatter- 
ing. Shown  in  detail  is  the  splitting 
of  the  vibrational  Stokes  Raman  signal 
for  nitrogen  into  a series  of 
furdamental  vibrational  bands  (grcund 
state  band,  first  upper  state  or  "hot" 
band,  second  upper  state  band,  etc.). 
Also  shown  is  the  spreading  out  of 
this  fundamental  vibrational  band 
series  due  to  rotational  structure,  as 
would  be  viewed  by  a typical 
laboratory  double  monochromator.  Frcm 
M.  Lapp  I.U]  . 


I A high  dispersive  spectrograph  shows  that 

j each  line  is  resolved  in  several  ccmponents  : the 

t rotation  Raman  lines.  If  we  take  the  wavenumber 

I (reciprocal of  the  wavelength  comsonly  measured  in 

! cm)  as  the  spectral  measuring  scale,  the  Mie  and 

r Rayleigh  scattered  lights  have  the  same  wavenumber 

[ as  the  incident  light.  For  a given  gas,  the 

vibration  Raman  lines  have  (Stokes  line) 

i and  (Anti-Stokes  line)  as  wavenumbers; 

, characterizes  the  gas  molecule. 

A number  of  values  are  given  on 

table  1 (fig.lU)  for  several  molecular  gases; 

I these  values  range  approximately  from  1000  to 

i UOOO  cm~1 . The  spacing  between  the  rotation  lines 

, is  of  the  order  of  10  om~1  or  less, 
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0.12 
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0.51 
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2 611 

559.3 

6.4 

NHj 
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582.8 

5.0 

NDj 

2 420 

553.3 

3.0 

CH4 

2 914 

568.9 

6.0 

C2«6 

993 

512.9 

1.6 

S«6  ('’!> 

3 062 

573.7 

7.0 

C6«6  ('*2> 

992 

512.8 

9.1 

Figure  lU  - Table  of  the  Raman  characteristics  of 
various  species. 

: Ramem  wavenumber  shift. 

: Raman  wavelength  of  the  Stokes 
vibrational  line  with  an  excit- 
ation radiation  at  U68  ns. 

6 : Rotational  constant. 

<r • Ratios  of  differential  lines  to 
' that  of  the  L-'^  vibration  in 

Ng  at  U88  nm. 


Let  us  consider  (fig.  15)  a light  beam, 
whose  power  is  P,  propagating  in  the  gas  to  be 
analysed.  If  A designates  the  beam  cross  section, 
each  molecule  receiving  the  power  density  P/A 
acts  as  a light  source  whose  intensity  is  given 
by  : 

= i£,  J1  <r  (5.0 


: diffa-ential  scattering  cross  section, 
d n.  designated,  mere  simply,  by  ^ . 


Assuming  that  the  medium  is  optically  thin 
for  all  the  molecules  contained  in  a volume  V of 


the  beam,  the  total  intensity  is  given  by  : 


= PL  vcr 


Figure  15  - Diagram  of  the  scattered  light. 


In  this  relation,  N (T  includes  all  the 
interaction  processes  between  light  and  the  gas, 
that  is  to  say,  /^(J~  is  the  sum  of  the  following 
terms  ; 


(5.3) 


representing  respectively  each  of  the  following 
processes  : Rayleigh,  Stokes  Raman,  Anti-Stokes 
Raman. 

The  first  of  these  terms  is  the  highest, 
not  only  because  the  differential  Rayleigh  cross 
section  is  higher  than  the  Raman  one,  but  also 
because  the  number  density  corresponding  to  the 
Rayleigh  scattering  is  higher  than  that  of  Raman 
the  transition  probability  for  &V=  0 is 
higher  than  for  A XT'  * + 1 (figure  l6). 


cross  sections  for  molecule  Ng  excited  by  an 

ionised  argon  laser  on  the  blue  line  ( X • **88  tm, 
V « 20,i*92  on-’ ). 


Rayleigh 

Rotational  Raman  (all  lines) 

Rotational  Raman  (strong  line,  including 
fractional  population  factor  at 
room  temperature) 

Vibrational  Raman  (Stokes  Q-branch) 


10'^’  cmt/sr 
10” 

6 X 10-3’ 


- 5 X 10-3’ 


Figure  17  - Differential  cross-sections  for  the 
molecule  Ng  at  the  excitation  wave- 
length 1*88  Nm.  Fran  M.  Lapp  (jl*J  • 

Let  us  consider  now  the  two  last  terms 
corresponding  to  the  Raman  scattering  : Stokes 
and  Anti-Stokes.  The  differential  cross-section 
and  are  of  the  same  order . The  value 

for  molecule  excited  at  1*88  nm  and  for  the 

^ . -31  2 -1 

vibrational  transition  t’J'  is  3.3  x 10  cm  sr 

The  ratios  of  the  differential  cross-sections  for 
various  gases  to  that  of  the  above  vibration 
in  Ng  at  1*88  rm  are  given  on  table  1 (figure  1U  , 

last  column  )• 

We  now  have  to  determine  the  influence  of 
the  number  density  and  %«.• 

If  we  consider  that  we  are  close  to  the 
condition  of  thermodynamic  equilibrium, 
populations  of  the  different  energy  levels  are 
given  by  the  Maxwell-Boltanann  distrilxition  law. 
If  we  relate  the  vibration,  population  of  the 

V level  to  the  population  of  the  lowest 
level  ( V “ O),  we  have  : 


yirtual  levels 

V-’n 


RAYLEIGH 

Lv,0 


STOKES 

Lv,+1 


ANTI-STOKES 
A Vs  -1 


Figure  l6  - Energy  diagram  of  the  vibrational 
transitions  for  Rayleigh  and  Raman 
scattering. 

All  the  quantities  0”  are  strongly 
wavenumber  dependent;  they  vary  as  the  fourth 
power  of  the  wavenumber.  We  can  then  introduce 
in  relation  (5.3)  a factor  ef  which  is  the  ratio 
of  the  wavenumber  considered  to  the  wavenumber  for 
which  was  measured  : 

The  table  on  figure  17  gives  as  example 
the  approximate  magnitudes  of  the  differential 


Plank  constant 
light  velocity 
Boltmnann  constant 
absolute  vibration  temperature 


&o  Tf')  n *3,  vr'- ^ (5.6) 

The  total  molecule  number  N corresponds  to 
the  sum  of  the  populations  for  all  the  vibration 
states.  With  the  populations  of  the  lowest 

level,  as  a reference,  it  is  called  partition 
function  Q^^d  is  given  by  : 

-h (5-T) 

Nj 

Therefore,  the  number  of  molecules 
in  a state  is  : 

= ^ eZ  (5.8) 

Q-*r 

The  diatomic  molecule  vibrations  can  be 
considered,  in  a first  approximation,  as  those  of 
an  harmonic  oscillator.  In  this  case,  relation 
(5.6)  to  (5.8)  becane  : 

(5.9) 


r 


vibration  Raman  shift 
^J^H  (5.11) 


Several  rotation  levels  correspond  to  each 
vibration  level.  Then,  the  number  of  molecules 

of  a vibration  level  V is  distributed  over 

the  rotation  levels  in  such  a manner  that  the 
population  of  a level  J is 


’'VJ 


Lun  UJ.  a o.t;vcx  u ad  . n yyi  — 


(5.12) 


Where  the  rotation  partition  function  Qj^has 
the  approximate  value  : 

ir^ 


Qt  = 


Ic  E. 


(5.13) 


: absolute  rotation  temperature 
: rotation  constant. 


Therefore,  the  population  of  a vibration-rotation 
level  N _ is  given  by  : „ 

. rJ^r)e.c  mnDlc. 

1/  N(zJii)lc&  e e 


.HLtS*t)icb(^ 


Tfl 


(5. lit) 


The  number  densities  and 

appearing  in  relations  (5.3)  and  (5.**)  correspond 
to  the  number  of  energy  transition  per  unit 
volume  frcm  a lower  state  to  an  upper  state  as 
far  as  the  first  one  is  concerned  and,  inversely, 
frcm  the  upper  to  the  lower  state,  as  far  as  the 
second  one  is  concerned;  the  farmer,  Nj^  , is 
propartionito  the  population  of  the  lower  state 
and  the  latter,  , is  proportional  to  the 

population  of  the  upper  state. 

As  regards  the  vibration  transitions 
V*  = 0 to  V = 1 , which  eure  about  the  only  ones 
created  at  temperatures  less  than  10CX)°K,  we  get 
the  Stokes  and  Anti-Stokes  intensities  according 
to  (5.2),  (5.U)  and  (5.11 ) 


r s = C P L N (4 


.(5.15) 

6) 


c 

<rc 


proportionality  constant 

differential  Raman  cross-section 
measured  for  \>  • 


Then,  the  Stokes  and  Anti-Stokes  intensity 
ratio  is  : 


Is 

Ia> 


(5.17) 


Let  us  now  consider  the  rotation 
transitions  which  are  only  allowed  by  selection 
rules  for  AJ  “ 0 ( Q- branch)  and  A J “ J2 

(S  aid  0 branches).  The  rotational  Raman  shift 
would  be  cancelled  for  all  the  transitions 
AJ  « 0 if  B was  a constant.  However,  due  to 
the  vibration-rotation  coupling,  B is  a function 


of  V given  by  : 

Ev= 


(5.18) 


Where  the  constant  is  anall  compared  to  the 

constant  . For  the  Stokes  transition  XT'  « 0 
to  i/"  » 1 , the  Raman  rotation  shift,  correspond- 
ing tp  the  branch  is  ; 

&,)  I -K^CT-h)  (5.19) 


This  corresponds  to  a series  of  lines  for 
all  the  values  J whose  intensities,  according  to 
(5.2),  (5.4)  are  : 

c PL  (5-20) 

With,  according  to 


H)/- 


(5.21) 


On  figure  l8,  an  example  is  given  for  the 
molecule  N at  temperatures  300°K,  1000°K  and 
3000°K.  We‘see  that  the  envelope  curve  of  the 
lines  reaches  a peak  value  Whose  spectral  position 
is  temperature  dependent,  and  that  the  spectral 
half -width  of  this  curve  is  also  a function  of 
the  temperature. 


Figure  18  - Relative  distribution  of  the  rotation- 
al levels  for  B = 2.01  cm-1  (molecule 
Ng)  and  T « 300°K,  1000°K  and  3000°K. 


As  for  the  other  allowed  transitions 
A J “ *2,  we  get  a line  series  on  each  side  of 

the  Rayleigh  line  ( A IT  = o)  and  Raman  lines 
( A IT  * +1).  The  wavenumber  shifts  for  each  series 
are  given  by  : 

|Av»J  (5.22) 

with  : (5.23) 

The  intensity  vidue  for  the  lines  J of  each  series 
are  given  by  : 

- Stokes  rotation  wing  of  the  Rayleigh  line. 

Vj(o,r;=  V- 

CPL  /Vo^r 

wavenumber  of  the  excitation  line. 


- Anti-Stokes ’rotation  wing  of  the  Rayleigh  line. 

- Stokes  rotation  wing  of  the  Stokes  line  1/' » 1 : 


As  mentioned  above,  at  low  tenpo'atures, 
the  populations  of  vibration  levels  higher  than 
\/  = 1 are  negligible.  Tar  higher  temperature 
(about  > 1500°K)  the  populations  of  vibration 
levels  tr=  2,  'V'  “3,...  become  significant. 

Thus,  if  we  apply  the  selection  rule  +1, 

we  have  to  take  account  of  other  transitions  such 
as  !>■«  1 toV"”  2,  1.^“  2 to  3 and  so  on. 

each  of  them  bein«  associated  with  the  rotation 
series.  For  example,  for  the  rotation  <X  branch 
( A J “0)  find  Stokes  vibration  transition  V « 1 
to  17" « 2,  we  obtain  from  (5.6),  (5.’14)  and  (5.^5): 


- Anti-Stokes  rotation  wing  of  the  Stokes  line 
ir=  1 : 

and  so  on  for  the  wings  of  the  Anti-Stokes 
vibration  line. 

Figure  19  shows,  schematically,  the  Raman 
and  Rayleigh  scattering  lines  for  moleoules  Hg 

and  Og  observed  in  the  air  at  two  different 

temperatures  300°K  and  1000°K.  On  each  side  of 
the  Rayleigh  and  vibration  Raman  lines,  the 
envelope  curves  of  the  rotation  lines  are  drawn. 
We  see  that  the  Anti-Stokes-to-Stokes  vibration 
lines  intensity  ratio  increases  with  the 
temperature;  so  does  the  width  of  the  rotational 
wings. 


MMUNGTH  IS943  A UCITATION) 


vj<j(’t,T)=  lit-cu +36-+aft  JfJf  0 


(5.28) 


Figure  20A  shows  the  envelope  curves  of 
the  Ng  Q.  -branch  at  a temperature  of  2000°K, 

calculated  for  successive  lower  levels  0, 1,2,3, 
and  figure  20B  shows  the  resulting  envelope  curve 
of  the  whole  Q.  -branch,  when  analysed  with  a 
finite  resolution  spectrograph.  The  influence  of 
tanperature  on  the  shape  of  this  envelope  curve  is 
shown  on  figure  21,  for  temperatures  ranging  from 
300°K  to  3500®K. 


Figure  20  “ Calculated  Stokes  vibrational  Q-branch 
intensity  at  2000°K  for  nitrogen.  (A) 
Alternate  "strong"  line  intensities. 
The  s(}iare  data  points  correspond  to 
the  ground  state  band,  the  circular 
points  to  the  first  upper  state  band, 
the  open  triangular  points  to  the 
second  upper  state  band,  etc.  (B) 
Triangular  slit  function  convoluted 
profile,  where  A is  the  spectral  slit 
width  (FWHM).  From  M.  Lapp 


Figure  19  - Raman  atxi  Rayleigh  scattering  for  air, 
drawn  roughly  to  scale,  at  room 
tanperature  and  1IOO°K.  To  the  scale 
of  this  drawing,  ground  state  and 
upper  state  fundamental  vibrational 
Raman  bands  are  not  distinguishable. 
From  M.  Lapp  U^]. 
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Figure  21  - Calculates  Stokes  vibrational  Q-branch 
intensity  for  nitrogen  frcm  300°K  to 
3500°K. 


5.3  - Potential  use  of  Raman  scattering  for 

tmperat\ire  and  density  measurements 

As  explained  above,  all  the  Raman 
intensities  are  both  temperature-  and  density- 
dependent.  Therefore,  they  could  be  used  to 
measure  these  quantities.  But,  unless  one  of  than 
is  otherwise  known,  which  is  difficult  in  hot 
gases,  we  have  to  fiid  means  to  separate  these 
two  values.  Let  us  review  seme  of  these  means. 

5.3.1  - Rotational  wings  of  the  Rayleigh  line 

Among  all  the  rotational  line  series,  both 
Stokes  and  Anti-Stokes  wings  of  the  Rayleigh  line 
are  the  most  intense  as  they  are  the  nearest  to 
the  ground  state  (figure  19). 

By  selecting  two  lines  in  the  same  wing 
(S.  or  A.S.)  and  measuring  their  intensity  ratio, 
we  obtain  values  which  are  only  functions  of  the 
rotational  temperature.  Then,  based  on  these 
values  and  on  the  measurement  of  the  integrated 
intensity  of  the  whole  band,  we  can  deduce  the 
number  density. 

This  method  requires  a high  resolution 
dispersive  set-up  (spectrograph  or  filters)  to 
resolve  the  rotation  lines,  and  then  the  measured 
intensities  are  very  low.  In  fact,  it  is  not 


absolutely  necessary  to  resolve  these  lines.  If 
we  select  two  spectral  bands  including  several 
lines,  we  can  obtain  their  intensity  ratio,  and 
the  measured  intensities  are  higher.  By  means 
of  a spectrograph,  it  is  also  possible  to  recerd 
the  whole  unresolved  band  and  to  determine  the 
shape,  width  cr  peak  intensity  spectral  positions 
which  are  all  functions  of  the  rotational 
tasperature. 

Theugh  it  seems  attractive,  this  method 
requires  very  selective  filters  or  a spectrograph 
without  spray  light,  to  select  spectral  bands  very 
efficiently  blocked  to  the  excitation  wavelength 
side,  for^tbe  near  Rayleigh  and  Mie  radiations 
are  much  more  intense. 

This  method  can  only  be  used  with  a pure 
gas.  In  the  case  of  a gas  mixture,  the  rotational 
bands  are  very  near  each  other  and  even  ovo'lap. 
Then,  it  becemes  difficult  to  find  two  separate 
spectral  bands,  characteristic  of  a given  gas, 
permitting  temperature  measurements  without 
interference  with  another  gas,  and  due  to  this 
overlapping,  nimiber  density  measurements  for 
each  species  becone  impossible. 

Semetimes,  fluorescent  species  are  mixed 
in  the  gas.  In  this  case,  it  is  better  to  use 
both  spectral  bands  for  temperature  measurement 
and  the  whole  band  for  density  measurement  on  the 
A.S.  side  of  the  Rayleigh  line;  the  fluorescent 
light  is  mainly  dispo-sed  to  the  S.  side. 

5.3.2  - Vibrational-rotational  Raman  bands 

Vibrational-rotational  bands  for  different 
species  arc  more  distant  from  each  other  than  the 
rotational  bands  of  the  Rayleigh  line;  therefore, 
for  ccramon  gases,  the  overlapping  is  less 
frequent. 

As  they  are  further  from  the  excitation 
line,  the  intensities  are  smaller,  but  the 
spectral  blocking  is  much  easier.  Since,  in 
addition,  the  spectral  bandwidths  are  larger,  the 
spectral  purity  requirement  of  the  dispersive 
set-ups  (spectrograph  or  filters)  is  not  so 
strong,  therefore,  the  trananittanoe  is  improved 
which  compensates  partially  for  the  intensity  lost. 

At  low  temperatures  the  A.S.  side  bands  are 
so  weak  that  they  are  useless  (figure  19). 

Then,  let  us  consider  the  Stokes  baikl  whose 
Q. -branch  is  the  most  intense.  As  shown  on  figure 
21,  even  if  each  rotation  line  is  unresolved, 
the  envelope  curve  of  this  Gl  -branch  vsu-ies  with 
the  temperature  in  shape,  spectral  extension,  and 
number  of  peaks.  All  these  properties  may  lead  to 
the  implementation  of  a temperature  measuring 
method. 

At  low  temperatures  (<  1000°K),  vibration- 
al transitions  other  than  frcm  0 to  n'"  • 1 are 
negligible  : a single  peak  appears.  Methods 
related  to  the  shape  of  the  curve  are  used  : half 
intensity  width  determination  or  measurement  of 
the  curve  slope  near  the  half -height.  Vibrational 
tempo-atures  are  thus  obtained  either  by 
comparison  with  calculated  results  or  by 
experimental  calibration,  for  different  known 
temperatures.  In  this  temperature  range  ( 0 to 
1000°K),  the  integrated  light  intensity  received 
through  a filter  which  is  approximately  16  A wide 
(between  5U92  and  55C6  A for  nitrogen,  as  shown 
on  figure  21 ) is  independent  of  the  tonperature; 
this  intensity  can  be  used  to  measure  the  number 
density. 

At  higher  temperatures,  on  the  one  haixL, 
the  A.S.  band  intensity  becomes  significant. 
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and  on  the  other  hand,  the  number  of  transitions  in  order  to  correct  possible  variations  during 

ir«1to"L’'“2,  i/«2toxr»  3,--.  (hot  the  experiment.  All  three  values  from  the  photo- 

bands)  increases,  and  additional  peaks  appear  in  receivers  and  the  power  meter  are  simultaneously 

the  CL -branch.  recorded. 


Tlirough  filters  tranasitting  the  whole 
bands,  S.  and  A.S.  intensities  are  measured, 
whose  ratio  /I^^is  a function  of  the  vibration- 
al toaperature  as  given  by  (5.16).  The  S.  band 
measured  intensity  is  independent  of  the 
temperature  and  permits  the  determination  of  the 
number  density.  As  shown  on  figure  21,  in  the 
case  of  nitrogen,  the  filter  bandpass  has  to  be 
about  30  A for  temperatures  less  than  2000°K  and 
about  50  A for  temperatures  less  than  3500°K. 

Another  method  of  determining  temperatures 
consists  in  the  intensity  ratio  of  the  two  highest 
peaks  in  the  GL -branch.  But  this  method  ^ 
necessitates  very  narrow  filters  (about  2 A wide 
for  nitrogen,  as  shown  on  figure  20),  so  that  the 
measured  intensities  are  much  lower  than  with  the 
previous  method. 

5.*t  - Application  to  studies  on  hot  gases  and 
reactive  media 


Let  P_,  and  P_.  be  the  light  powers 
n1 

received  from  each  channel;  they  are  related  to 
the  corresponding  efficient  scattered  intensities 


and  Ig,  by  : 

^ 


(5.29) 


T.,and  : optical  tranaaittance  over  each 
channel  including  lenses,  prefilters,  dispersive 
set-up  tranaaittance  and  photodetector  spectral 
responsivity. 


We  see  that  for  measuraaents  requiring  an 
intensity  ratio,  it  is  not  necessary  to  know  the 
solid  angle  value  JT.  ; but  we  have  to  measure  it 
for  absolute  intensity  measurements.  When  possible, 
calibration  by  means  of  reference  gases  at 
different  densities  ani  temperatures  permits 
avoiding  the  measurement  of  the  values  T and  . 


An  experimental  system  for  Raman  scattering 
application  is  schematically  shown  on  figiore  22. 


Figure  22  - Optical  diagram  of  a spontaneous 
Raman  scattering  device. 


A laser  beam  crosses  the  gas  medium  to  be 
analyzed.  An  optical  system,  whose  axis  forms  an 
angle  & with  the  incident  light  beam,  collects 
the  scattered  light  inside  a solid  angle  Si.  . A 
prefilter  F,  introduced  between  lenses  L^  and  L^, 

rejects  part  of  the  unwanted  light  coming  from 
luminous  surroundings,  gas  emissions,  Rayleigh 
and  Mie  scattering,  fluorescence  ...  An  image  of 
the  laser  beam  is  formed  on  the  dispersive  set-up 
entrance  slit;  its  width  determines  the  suitable 
beam  interaction  length  L.  The  dispersive  set-up 
may  be  a prism  or  a grating  spectrograph,  inter- 
ferential filters  or  even,  if  necessary,  for 
high  resolution,  a Fabry-P&rot  interferometer. 

Two  bandwidths  (or  more)  are  selected,  the 
spectral  light  from  each  of  them  being  respective- 
ly collected  on  the  photoreceivei's  and  PM^.  A 

laser  power  meter  P measures  the  incident  light 


It  is  also  possible  to  use  spectrograph 
with  spectrum  recording  on  photographic  plates. 
Suitable  spectral  domains  are  then  selected,  ani 
the  plate  is  processed  with  a micr odensitoneter . 
The  main  advantage  of  these  methods  lies  in  the 
fact  that  they  permit  simultaneous  recording  of 
all  the  traces  of  species  in  a gas  mixture. 
Nevertheless,  the  sensitivity  of  photographic 
plates  is  lower  than  that  of  the  best  photo- 
receiver  . 

To  avoid  this  loss  of  sensitivity  while 
preserving  the  advantage  of  the  image  receiver, 
highly  efficient  television  tubes  can  now  be 
used.  The  image  can  be  either  transferred  to  a 
monitor  and  photographied , or  recorded  on  a 
aagnetoscope;  also,  the  scanning  electrical 
signal  can  be  sent  to  a recorder. 


chopper 


Figure  23  - Lay-out  with  the  measuring  volume 
inside  the  laser  cavity.  The  plane 
mirror  Mg  of  the  laser  cavity  is 

removed  and  replaced  by  a system 
including  the  lens  L , the  folding 

mirror  and  the  spherical  mirror 
Mj.  From  S.  Druet  and  al.  jj'J. 

As  regards  the  laser  source,  since  the 
scattered  light  is  weak,  very  intense  lasers  are 
needed.  Owing  to  the  strong  dependence  of  the 
differential  cross-section  on  the  excitation 
radiation  wavelength,  the  shortest  wavelength 
seems  to  be  the  best.  But,  when  the  violet  and 
ultraviolet  spectral  regions  are  reached,  more 
species  become  highly  fluorescent  and  some  of  them 
emissive.  Thus,  these  unwanted  lights  degrade  the 
signal -to-noise  ratio.  If  we  take  account  of  the 
photoreceiver  or  photographic  spectral  sensitivity 


r" 


and  of  the  rejection  of  the  unvauted  light,  the 
best  spectral  region  for  the  excitation  laser  is 
near  the  blue  and  green.  Among  continuous  lasers, 
it  is  the  argon  ionised  laser  with  its  U88  m 
blue  and  nm  green  lines  which  produces 

powers  over  10  W.  With  such  a continuous  laser, 
the  useful  power  can  be  still  improved  if  we 
remove  one  of  the  cavity  reflectors,  and  replace 
it  by  a lens  and  a mirror  on  each  side  of  the 
measuring  volume  (figure  23).  Thus,  a power  gain 
of  more  than  10  is  obtained  within  the  interaction 
field. 


For  a pulse  laser  with  very  high  power  and 
short  pulses,  a frequency  doubled  ruby  (3U7  nm) 
and  a frequency  doubled  neodymium  (530  nm)  are 
the  most  ccnmonly  used. 


X ! filter  tranasittance 

yC,  : nonlinear  susceptibility  iix:luding  two 
terms  such  as  : 


x = 


(5.31) 


resonant  part  of  the  susceptibility*  only 
contributive  near  a vibrational -rotational 
resonance. 


non-resonant,  quasi-constant,  part 
representing  the  contribution  from  the 
electrons  and  ronote  resonances. 


Continuous  or  pulsed  dye  lasers  are  now 
commonly  used  for  every  wavelength  required. 

5.5  - Coherent  Anti-Stokes  Raman  scattering 

The  main  experimental  difficulty  encounter- 
ed in  spontaneous  Raman  scattering,  as  described 
above,  arises  from  the  weakness  of  the  efficient 
light  power  as  compared  to  the  incident  power  : 
not  only  the  interaction  process  is  weak  but  also 
the  light  is  scattered  in  every  direction  and  can 
only  be  collected  in  a finite  solid  angle. 

A new  method,  called  "Coherent  Anti-Stokes 
Raman  Scattering"  improves  the  efficiency  by 
several  orders  of  magnitudes.  Two  monochromatic 
beams  of  respective  wavenumbers  andV^^ 
are  mixed  by  means  of  a beamsplitter  S(figure  2k) 
in  order  that  they  may  be  exactly  superimposed 
and  prop>agate  in  the  same  direction.  The  resulting 
two-frequency  beam  is  focused  by  the  lens  on 

the  gas  to  be  analysed,  crosses  the  lens  Lg,  the 
filter  F and  falls  on  a photoreceiver . 


The  resonant  susceptibility  is  a complex 
quantity;  it  is  a sum  of  terms  for  all  the 
vibrational -rotational  transitions  j involved  in 
the  interaction  process,  given  by  : 


(5.32) 

: average  population  difference  per  molecule 
I between  the  lower  vibration-rotation  level 
( '1^,  Jj  ) and  the  upper  one. 

\)y  : wavenumber  difference  between  these  levels. 

(f]  : corresponding  differential  scattering  cross- 
• section. 


: weighting  factor 


( 15+1  fcT  a GL- 

branch  xine). 


transition  linevidth. 

Relations  (5-30)  shows  that  is 

proportional  to  the  square  of  the  excitation 
radiation  power  Pg*,  ; therefore  the  interaction 
is  stronger  near  the  focus  of  lens  , where  the 

power  density  is  higher.  As  a result,  local 
measurements  are  made  within  this  near  cylindric- 
al volume,  a few  microns  in  diameter  euid  a few 
millimeters  in  length. 


Figure  2k  - Experimental  lay-out  of  a "coherent 
Anti-Stokes  Raman  scattering"  system 
to  measure  the  local  temperature  and 
number  density  in  a gas  mixture. 

As  the  gas  contains  a species  whose 
vibrational  transition  ( IT  = 0 to  1/"  = 1 ) is 
exactly  \\r=  V!f  - , a strong  interaction 

process  occurs,  mainly  near  the  focus  of  the 
lens  L.  where  the  power  density  is  the  highest ; 
a new  light  wave  is  generated  whose  wavenumber 
is  Vj  =.  2 V?t  - >4  = ^*1  + ; it  propagates 

in  the  sane  direction  as  both  incident  waves. 
Through  the  filter  F,  radiations 
and  rejected  and  Vj  is  transmitted,  and 

falls  on  the  photodetectcr . If  is  considered 
as  the  excitation  radiation  in  a Raman  scattering 
process  ( is  in  the  position  of  the 

Stokes  line  and  p/j  in  the  position  of  the 
Anti-Stokes  line  '^Ai  • 

If  and  Pj  are  the  respective  incident 

powers  for  the  excitation  and  Stokes  radiations, 
the  Anti-Stokes  power  Pa»  received  by  the  photo- 
detector is  given  by 


The  A.S.  generated  power  propagates  within 
the  same  beam  as  both  excitation  radiations  ; the 
whole  generated  light  is  then  collected  on  the 
photodetectcr  and  as  the  collecting  solid  angle 
is  much  smaller  than  for  spontaneous  Raman 
scattering,  the  unwanted  light  pxjwer  from  the 
background  (spray  light,  fluorescence  or  emission) 
is  also  smaller;  a much  higher  signal-to-noise 
ratio  is  easy  to  obtain,  even  with  a lower 
excitation  pxjwer. 

Let  us  now  consider  resonant  and  non- 
resonant susceptibility  contribution. 

Relation  (5-32)  shows  that  Xg  is  at  its 
maximum  when  Vv  » V{<.  ; the  excitation 

radiation  wavenumber  P^remaining  constant,  the 
shifting  of  the  wavenumber  Vj  makes  it  possible  to 
take  into  account  successive  values^.  By  tuning 
in  a given  spectral  domain,  it  is  then 
possible  to  record  vibration-rotation  spectra  as 
with  the  spxjntaneous  Raman  method  and  to  deduce 
from  than  the  temperature  and  number  density.  The 
Q. -branch  profile  is  generally  used  for  these 
measurasents  as  it  is  the  most  intense,  with  a 
weak  interference  between  the  sp>ectra  of  different 
species. 


Figure  25 
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"Coherent  Anti-Stokes  Raman  scatter- 
ing" . Generation  of  the  two 
radiations,  one  by  means  of  a Q-switoh 
ruby  laser , the  other  by  means  of  a 
dye  laser  excited  by  the  former.  The 
beam  with  the  reference  cell  is  for 
calibration  purposes.  Fran  S.  Druet 
aoi  al.  Ot.I. 


The  non-resonant  peu-t  the 

susceptibility,  which  is  independent  of  the 
wavelength,  increases  with  the  total  number 
density  for  all  the  species.  It  has  the  same 
effect  as  a stray-light,  that  is  to  say 
sensitivity  limitations  for  low  partial  number 
density  : typical  minimum  detectable  mixing  ratio 
about  1000  p.p.m. 

Continuous  or  pulse  lasers  can  be  used  as 
light  sources.  The  optical  diagram  of  a CARS  set- 
up is  shown  on  figure  25  with  a pulse  O. -switched 
ruby  laser.  In  order  to  obtain  anall  linewidths, 
spatial  and  spectral  filters  are  placed  in  the 
cavity  and  a passive  GL -switching  is  performed 
by  a cryptocyanine  in  ethanol  cell.  The  output 
power  is  about  1 MW  in  8 ns;  the  linewidth  is  less 
than  0.01  cm“^ . The  shot  frequency  is  3 palses 
per  minute.  The  beam  diameter  is  2 mm.  A ruby 
amplifier  increases  the  power  to  5 MW.  A beam 
splitter  trananits  part  of  the  emitted  light  as 
the  excitation  radiation  at  frequency  (Ji  and 
reflects  the  other  part  to  a dye  laser  cell,  in 
order  to  generate  the  other  radiation,  with  a 
frequency  . The  frequency  adjustment  is  made 
by  tilting  a Fahry-Perot  etalon  placed  in  the 
laser  cavity.  Both  beams  and  are  mixed  by 
means  of  a second  beam  splitter.  A third  beam 
splitter  is  used  to  separate  the  beam  in  two 
ways  : 80!^  are  focused  on  the  sample  (flame,  gas 
cells),  20<  are  focused  on  a reference  cell  filled 
with  UO  atm.  of  argon.  The  signal  ratio  of  the 
two  detecters  is  reco.'ded  in  such  a way  that  the 
laser  power  variations  frem  pulse  to  pulse  are 
cancelled.  Considerable  care  has  to  be  taken  in 
order  to  avoid  an  unwanted  wavelength  shift 
resulting  mainly  fron  temperature  variations.  As 
mentioned  for  the  spontaneous  Raman  method,  it  is 
also  possible  to  use  a broad  linewidth  for  the 
Stokes  frequency  and  to  obtain  the  Anti-Stokes 
spectrum  with  a spectrograph.  The  spectrum 
recorded  on  a photographic  plate  or  with  a 
television  equipnent  can  then  be  processed  to 
obtain  the  desired  measurements. 

6 - Work  in  Progress  for  Flame  Studies 

It  appears  increasingly  necessary  to 
improve  the  aero-engine  performance  in  order  to 
reduce  fuel  consumption  and  the  pollution  due  to 
unburnt  gases  and  solid  particles  generation. 
Tha’efore,  it  becomes  essential  to  study  the 
chemical  reaction  ans  the  species  distribution 
inside  the  flame  itself  without  the  creation  of 
disturbances.  Only  the  optical  methods  can  do  this. 
Among  them,  the  methods  based  on  Raman  scattering 
are  the  most  attractive  because  they  permit 
rmnote  local  measurements  of  tanperatures  and 
number  densities  of  specific  species,  even  if 
these  are  not  in  thermodynamic  equilibrium  in 
every  point.  Nevertheless,  the  application  of 
these  methods  is  difficult  because  of  the  very 
low  scattered  intensities  as  cemparod  to  the 
excitation  power. 

The  recent  advances  of  the  laser 
technology  permit  the  production  of  directive. 


selective,  stable  and  intense  light  sources; 
all  these  properties  are  required  for  the  use 
of  the  Raman  scattering  method.  These  xasers 
are  essential  for  the  Raman  methods  to  be  used 
for  applied  physical  measuronents.  Other  problms, 
such  as  those  concerning  stray  ligit  rejections, 
light  detection  and  spectral  filtering  with  an 
efficient  blocking  should  not  be  ov3"lookod  but 
they  are  of  secondary  importance  in  cemparison 
with  the  essential  necessity  of  a suitable  light 
source. 

Approximatly  ten  years  ago,  the  main 
teams  I know  in  USA  and  Europe  undertook 
fundamental  studies.  Their  interesting  results 
were  reported  in  publications,  the  biblioCTaphic 
reference  numbers  of  which  are  flU]  tofiTj. 

However,  classical  Raman  scattering  is 
limited  as  regards  both  accuracy  and  the 
possibility  of  detecting  species  at  a low 
concentration  in  a mixture.  These  limitations  are 
mainly  due  to  the  presence  of  unwanted  light, 
mixed  with  the  useful  scattered  light,  which  it 
is  very  often  difficult  to  eliminate. 

Sane  of  these  difficulties  can  be  overcane 
by  the  use  of  the  new  method  designated  as 
"Coherent  Anti-Stokes  Raman  Scattering",  whose 
application  to  the  study  of  gases  began  six  years 
ago.  The  main  advantage  of  this  method  lies  in 
the  fact  that  the  useful  generated  light  is  much 
more  intense,  and  therefore  the  rejection  of  the 
unwanted  light  is  easier.  However,  another 
limitation  to  the  detection  of  a species  at  a 
low  concentation  in  a mixture  and  the  measurement 
of  its  number  density  is  due  to  the  non-resonant 
part  of  the  susceptibility  (molecular  quenching), 
which  is  proportional  to  the  total  number  density 
of  the  mixture. 

Promising  results  have  already  been 
obtained.  However,  the  improvaaent  of  this 
method  requires  two-wavelength  stable  lasers, 
one  of  these  wavelengths  being  accurately 
tunable  with  respect  to  the  other.  Considerable 
efforts  were  devoted  to  the  development  of  this 
kind  of  lasers  and  seme  devices  are  now  in  the 
production  stage  but  they  are  still  expensive. 

7 - Conclusion 

The  optical  methods  appear  peu-ticularly 
attractive  to  perform  physical  and  chaaical 
measurements  within  the  gas  flow  of  an  aero- 
engine because  they  are  specifically  non- 
. trusive.  As  it  is  often  very  difficult,  if  not 
liip  ssible,  to  use  them  on  a real  engine,  they 
are  mostly  used  on  models  simulating  parts  of 
engines. 

Like  similar  optical  methods,  such  as 
shadowgraphy  and  schlieren,  interferometry  has 
been  used  for  flow  visualization  since  the 
beginning  of  experimental  aerodynamics.  This 
method  permits  density  measurements  within 
aerodynamic  flows,  provided  that  specific 


conlitionSt  such  as  two-dimensional  or  axisym- 
metrical,  be  met.  The  advent  of  the  laser 
permitted  the  development  of  a new  kind  if  inter- 
fercmeter  : the  holographic  interfercmeter . It  is 
easier  to  build  and  use,  and  less  sensitive  to 
environmental  conditions  created  in  the  vicinity 
of  a machine  (heat,  vibrations).  Thus,  it  can  be 
applied  to  density  distribution  measurements  in 
fixed  or  rotating  blade  cascades,  in  cold  or  hot 
gas  flows,  even  in  flames. 

The  Raman  scattering  methods  are  particular- 
ly interesting  to  perform  local  temperature 
measurements  and  local  concentration  measuronents 
on  specific  species  in  a mixture  of  hot  and 
reactive  gases.  Their  application  to  flames 
studies  is  extremely  important  because  there  are 
no  other  convenient  methods  of  determining  the 
physiceil  and  chemical  characteristics  in  these 
media. 

However,  the  implementation  of  the  optical 
methods  requires  the  building  of  complex  and 
expensive  devices.  These  devices  have  to  be 
handled  with  great  care  by  experienced  technicians 
in  order  to  obtain  unquestionable  results. 

Data  processing  is  generally  a time- 
consuming  operation.  Therefore,  considerable 
efforts  are  still  required  to  improve  this  phase 
of  work,  and  the  advanteiges  offered  by  the 
connection  of  these  devices  with  microprocessors 
should  be  fully  used,  in  order  that  optical 
methods  may  become  operational. 
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SUMMARY 


The  basic  principles  of  the  laser  Doppler  velocimeter  (LDV  or  LV)  an  instru- 
ment being  utilized  in  many  laboratories  for  measurements  of  fluid  flow,  is  treated  in 
detail.  The  development  includes  one,  two  and  three-dimensional  simultaneous  measurements 
using  both  forward  and  backscatter  techniques.  Conventional  laser  velocimeters  determine 
speed  only;  therefore,  ambiguities  exist  when  attempting  to  measure  turbulence,  flow 
angularities,  and  flow  circulation.  With  the  inclusion  of  a Bragg  cell,  or  other  modu- 
lation techniques,  the  ambiguities  are  resolved.  The  characteristics  of  the  Bragg  cell 
system,  both  one-  and  two-component  types,  is  presented.  Several  counting  techniques  are 
reviewed  and  a "real  time"  processor  evaluated.  Of  the  various  data  acquisition  and 
processing  mechanisms  only  the  direct-counting  techniques  are  favorably  considered  for 
aircraft  engine  applications.  Included  are  discussions  concerning  pertinent  parameters 
affecting  LV  design  for  engine  application  and  finally  several  LV  systems  used  in  wind 
tunnel  environments  are  described. 


I . INTRODUCTION 

Conventional  devices  that  are  used  for  performing  flow  field  diagnostics 
comprise  material-type  probes  such  as  hot-wire  anemometers,  rakes,  pitot  tubes,  and 
others.  The  basic  shortcomings  of  such  devices  are  that  they  substantially  perturb  the 
medium  that  is  being  measured;  hence,  correction  factors  must  be  introduced  to  re-establish 
the  free-stream,  unperturbed  conditions.  None  of  these  devices  measures  velocity  directly. 
Most  are  quite  sluggish  insofar  as  frequency  response  is  concerned.  It  is  very  difficult 
to  acquire  accurate  transient  and/or  turbulent  flow  measurements;  the  physical  sizes  of 
the  instruments  are  such  that  the  spatial  resolution  is  relatively  poor.  In  the  case  of 
plasma  diagnostics  where  the  flow  fields  are  extremely  energetic,  material-type  probes 
have  the  failing  of  either  rupturing  or  disintegrating.  It  is  not  an  understatement  to 
say  that  conventional  diagnostic  techniques  leave  much  to  be  desired. 

The  previous  lecturers  have  introduced  and  discussed  the  importance  of  utilizing 
non-perturbation-type  instrumentation  as  diagnostic  tools  for  engine  development.  One  of 
these  techniques — the  laser  velocimeter — will  be  treated  in  this  session.  In  general  the 
LV  measures  fluid  velocities  indirectly  by  determining  the  velocities  of  the  particles 
moving  with  the  flow  field.  If  the  particles  are  small  in  size  (less  than  O.Sym)  then 
accurate  measurements  of  gas  velocities  over  a wide  range  of  flow  and  turbulent  conditions 
can  be  obtained.  Often  particles  are  inherent  in  the  flow  medium  as  impurities.  In  some 
cases  the  impurities  are  large  in  size  such  that  particle  lag  problems  are  experienced. 

In  other  cases  the  impurities  may  be  too  low  in  number  density  and  experimenters  must 
resort  to  artificially  seeding  the  flow. 

This  artificial  particle  environment  can  offer  debilitating  effects  upon  the 
desired  data  and  on  engine  components.  In  addition  to  these  instrumentation  problems, 
fundamental  problems  that  must  be  resolved  before  the  LV  becomes  a routine  tool,  in 
particular,  for  the  altitude  performance  testing  and  aero-engine  development,  are  associ- 
ated with  the  complex  geometries  of  wind  tunnels,  compressors,  combustion  and  exhaust 
chambers,  where  the  volume  that  can  be  probed  is  restricted.  Additionally,  the  combusting 
environment  results  in  high  temperatures,  high  velocity,  and  high  turbulent  flow  conditions 
which  preclude  theoretical  analyses  without  introducing  simplifying  assumptions. 

In  what  followr,  attention  will  be  focused  upon  the  basic  operational  princi- 
ples of  operational  LV.  The  two  major  types  of  LV,  the  self-aligned  reference  beam  and 
the  two  beam,  dual  scatter  (or  differential  Doppler)  systems,  will  be  evaluated.  The 
fundamental  problems,  which  are  inherent  errors  and  limitations  of  the  LV  aircraft  engine 
application  will  be  discussed.  Since  the  successful  application  of  the  LV  is  strongly 
dependent  upon  the  data  acquisition  and  processing  techniques,  conventional  electronic 
devices  will  be  briefly  reviewed  and  the  techniques  that  are  seriously  being  developed 
for  improving  the  data  acquisition,  both  in  quantity  and  quality,  will  be  discussed. 

II.  THEORETICAL  CONSIDERATIONS 


A . Introduction 


The  basic  equations  will  be  derived  for  determining  the  frequency  of  light 
scattered  from  a moving  object.  The  derivation  is  equally  applicable  to  light  reflected, 
refracted,  or  scattered  from  a moving  surface.  The  essential  factor  involved  is  that  the 
moving  object  re-emits,  or  scatters,  the  wave-fronts  instantaneously. 

B.  Doppler  Shift  Relationships 

In  Fig.  1-a  a small  particle  at  P is  assumed  moving  with  a velocity  v in  an 
environment  of  refractive  index  n.  A stationary  light  source  of  frequency  fo  and  free- 
space  wavelength  Xq  illuminates  the  region.  Upon  entering  the  refractive  region,  the 


the  frequency  of  the  light  is  not  changed,  but  its  wavelength,  Xi,  and  the  velocity, 
are  reduced  to  X ^ ' f®sp®ctively . Light  scattered  from  the  particle  is  of 

wavelength  Xg,  of  velocity  c/n  , and  of  frequency  fg,*  exterior  to  the  refractive  region 
the  scattered  light  is  of  wavelength  Xg,  velocity  c,  and  identical  frequency  fg.  The  rate 
at  which  wavefronts  intercept  the  moving  particle  is  v. 


where  the  respresents 


(2-1) 


the  unit  vector  of  the  incident  beam  propagation  vector. 


In  Fig.  1-b  a particle  is  assumed  to  have  scattered  a wavefront  when  at 
position  1.  The  particle  then  moves  to  position  2 before  it  scatters  another  wavefront. 
A time  1/f  elapses  between  points  1 and  2 during  which  the  initial  wavegront  travels  a 
distance  ccg/  hf  toward  the  observer,  and  the  particle  travels  a distance  v/f;  eg  is 
the  unit  vector  in  the  scattered  direction.  Then: 


A - = _ 
® nT’ 


V . e= 


(2-2) 


Substituting  Eq.  (2-1)  for  f and  solving  for  fg  yields: 
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(2-3) 


In  the  nonrelativistic  limit  (v  « c) , eq.  (2-3)  can  be  simplified  by  expanding  the 
denominator  in  a binomial  expansion.  Retaining  only  the  first  three  terms  then. 


(2-4) 


Substituting  Xj^  = Aq/h  and  f^  = c/  nA  yields 


^ V . (eg  - ei) 


(2-5) 


Equation  (2-5)  expresses  the  frequency  of  the  light  scattered  by  a particle  moving  in  an 
environment  of  refractive  index  n.  The  Doppler  frequency  shift  can  be  expressed  as 
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or  using  the  alternative  form 
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Where  Ici  = ^ and  itg  = ^ are  the  incident  and  scattered  propagation  vectors, 
i s 


2TT 

K~ 

s 


within  one  part 


The  magnitude  of  the  scattered  propagation  vector  )Cg  is  essentially  equal 
art  in  10')  to  the  magnitude  of  the  reference  vector  jcn.  Since  k = 2tt  = 


(to 


X" 


^ ^ when  the  frequency  of  a wave  changes  a small  amount  of  df  = fp  its  propagation 

coRstant  changes  by  an  amount 


-(^) « • (¥)< 


Thus,  the  propagation  constant  of  the  scattered  light  is: 


,■*  + 2irn 
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The  ratio  of  kp/ki  is  given  by: 
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where  typical  values  of  = 100  MHz  and  f = 5 x lO*'  Hz  have  been  assumed.  Thus,  kg  = k^ 
and  Xg  = X^  within  better*^than  seven  place°accuracy . 

C.  Detection  of  One  Velocity  Component 

The  Doppler  frequency  shift  relationship  will  be  applied  to  show  that  only  one 
component  of  the  velocity  -of  a movitjg  semitransparent  medium  is  detected.  In  Fig.  2 an 
incident  light  beam  of  wave  vector  ki,  located  in  the  x-y  plane  and  at  an  angle  0/2  with 
the  x-axis,  passes  through  and  scatters  light  from  a^moving  semitransparent  medium.  Only 
that  light  scattered  from  the  origin  of  wave  vector  kg  is  detected  by  the  combination  of 
the  lens  L2,  the  aperture,  and  the  PM  tube.  The  detected  scattered  light  is  oriented  gt 
an  a^gle  0/2  with  the  x-axis  and  an  angle  0 wij^h  the  ^i^cident  beam.  The  wave  vectors  kg 
and  ki  are  of  approximately  equal  magnitude,  ks  and  ki  are  indicated  emerging  away  from 
the  scatter  point  so  th§t  thg  tail  of  each  vector  is  located  at  the  scatter  point  and 
the  ve5tor  difference,  kg  - ki,  is  from  the  tip  of  one  vector  to  the  tip  of  the  other. 

Since  kg  = ki  = 2T<r)/\  . 


and 
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Since  n=1.00  for  air,  it  may  safely  be  neglected  in  the  following  discussion.  However, 
in  media  other  than  air  n must  be  included.  The  Doppler  frequency  shift  of  the  scattered 
light  kg  is  given  by 


OC3  - k.) 
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sin  9/2 


For  small  9,  sin  9/2  =:  9/2.  Solving  for  yields: 

■+■  _ f—  X 
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(2-14) 


Thus,  by  selecting  the  direction  of  the  incident  light  and  of  the  detected 

scattered  light  so  that  the  vector  difference  of  their  propagation  vectors  is  parallel  to 

one  chosen  component  of  velocity,  only  that  chosen  component  of  velocity  will  contribute 
to  the  frequency  shift  of  the  detected  scattered  light. 

D.  Fringe  Analysis  of  Dual  Scattered  LV 

There  is,  however, 

an  alternative,  and  simpler  analysis  of  the  velocimeter  which  will  be  discussed  since  it 
presents  a much  clearer  phenomenological  picture  of  the  events  that  occur  when  the  particle 
traverses  the  probe  volume.  As  in  the  previous  cases,  the  laser  source  is  split  into  two 

be^uns  (Fig.  3)  one  for  each  of  the  two  velocity  components,  and  focused  a diffraction- 

limited  region  where  the  Gaussian  intensity  consists  essentially  of  planar  wavefronts  of 
radiation.  Because  of  the  coherence  of  the  source,  the  beams  will  interfere  constructively 
and  destructively  to  establish  a set  of  closely  spaced,  planar,  stationary  Interference 
fringes  at  the  beam  or  crossover  focal  region.  The  peak-to-peak  fringe  spacing;  6,  is 


6 = 


2 sin  e/2 


(2-15) 


the  1/e^  di2uueter  of  the  focal  region  is  given  by 


(2-16) 

where  F.L.  is  the  focal  length  of  the  lens  and  d_  the  diameter  of  the  beam  at  that  lens. 
The  number  of  fringes  N contained  in  the  focal  Volume  can  be  determined  by  dividing  the 
peak-to-peak  fringe  spacing  into  the  focal  diameter  as  follows: 


This  can  be  simplified  by  assuming  8/2  is  much  less  than  unity  such  that  2 sin  8/2  is 
approximately  equal  to  8 where  8 is  the  separation  of  the  two  beamsrd  , at  the  transmitter 
lens  divided  by  the  focal  length.  With  this  approximation:  ® 
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As  a particle  traverses  the  focal  volume  at  a velocity  v,  the  interference  fringes  are 
cut  at  a rate  equal  to 


f_  = 2 V sin  8/2 

° T~  (2-19) 

which  is  equal  to  the  Doppler  frequency.  Since  the  particles  traversing  the  fringes 
repetitively  scatter  light,  they  generate  an  alternating,  fluctuating,  current  in  the 
photodetector  with  a frequency  proportional  to  the  rate  at  which  the  particles  intercept 
the  fringes.  Although  the  fringe  explanation  is  relatively  simple  to  understand  it  cannot 
be  used  to  analyze  the  scattered  radiation  in  detail.  This  is  attributed  to  the  complicated 
nature  of  the  particle  scattering  process  that  is  dependent  upon  the  ratio  of  particle 
size  to  the  wavelength  of  light,  the  index  of  refraction  of  the  particle,  the  angle  of 
incidence  of  the  light  beam,  etc. 

III.  LASER  VELOCIMETER  ANALYSIS 


A.  Introduction 


The  reference  beaun  LDV  was  the  first  type  unit  constructed  and  placed  into 
operation.  The  initial  LV  system  (Ref.  1)  was  a forward  scatter  non  self-aligning  LDV 
unit.  After  several  years  of  operation  in  which  alignment  difficulties  were  experienced, 
self-aligning  units  were  developed.  Operational  difficulties  were  still  evidenced  and 
the  dual  scatter  or  differential  type  LV  units  emerged  from  the  development  laboratories. 
In  these  latter  units  the  radiation  that  impinges  upon  the  detection  system  is  light 
scattered  away  from  the  incident  beam.  The  resulting  improvement  centered  upon  minimizing 
the  so-called  broadening  effects  inherent  with  the  reference  beeun  systems.  The  basic 
problem  with  the  reference  beam  system  is  that  a large  number  of  particles,  or  scattering 
centers,  is  required  for  operation. 

In  the  present  section  the  two  main  types  of  LDV  systems  will  be  discussed 
and  representative  examples  displayed.  Although  only  one  operational  principle  is 
described,  a number  of  different  modifications  exist.  The  analysis,  however,  is  generally 
valid.  Both  forward  and  bac)c-scattered  LV  techniques  will  be  discussed. 

B.  Forward  Scatter  LDV 


The  reference  beeun  LDV  can  readily  be  analyzed  with  recourse  to  Fig.  2a  and 
Eq.  (2-14) . Two  laser  beams  coming  from  one  source  are  made  to  cross  and  to  focus  to  a 
common  point  in  space.  One  of  the  beams  is  a low  power  reference  beam  (1%  of  the  total 
beam  power)  and  intercepts  the  photocathode  surface  of  the  PM  tube.  The  Doppler  shifted 
frequency  for  light  scattered  from  the  main  beam  is 


f 
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— sin  8/2  V 

(3-1) 


The  reference  low  power  beam  impinging  upon  the  phototube  is  mostly  unscattered,  and 
therefore,  is  not  frequency  shifted.  Furthermore,  any  frequency  shift  of  this  very  low 
intensity  light  scattered  from  the  reference  beam  is  essentially  zero  since  in  Eq.  (3-1) 

8 =0.  The  reference  beam  and  the  Doppler  shifted  scattered  beam  interfere,  however,  at  the 
PM  tube  and  generate  an  electronic  (Doppler)  current  of  frequency  f_.  The  generated 
Doppler  current  will  continually  increase  and  decrease  in  amplitude ^as  the  scatterer  moves 
toward  and  away  from  the  axis  of  the  focused  reference  beam  because  of  radiation  alignment 
effects.  In  addition,  variations  in  illuminating  beam  intensity  (i.e.,  the  Gaussian  beam 
profile)  will  also  affect  the  Doppler  signal  current  amplitude.  Both  radiation  alignment 
and  illuminating  intensity  effects  combine  to  produce  an  effective  probe  volume.  The 
probe  volume  is  defined  to  be  the  region  where  the  laser  beam  intensity  is  at  least  1/e  = 
0.37  of  the  maximum  possible  current  amplitude  which  occurs  when  a scatter  center  passes 
through  the  geometrical  focus  P. 

The  Doppler  current  generated  by  a single  scatterer  is  not  of  a unique  frequency 
fp  but  is  dispersed  slightly  about  the  mean  frequency  f_.  This  frequency  dispersion  is 
caused  by  the  finite  angle  A 8 (Fig.  2a)  of  the  scattered  radiation  which  is  superimposed 
upon  and  aligned  with  the  reference  beam  at  the  photocathode  surface.  This  angle  is 
essentially  constant  at  points  remote  from  the  geometrical  focus,  P.  The  net  frequency 
dispersion  Af^^  attributable  to  a finite  A8  is  determined  from  Eq.  (3-1)  to  be 
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(for  small  0) 


0 at  180° 


(3-2) 


For  small  angle  f rontscattered  light  the  angle  Ae  is  made  much  smaller  than  8 to  minimize 
signal  frequency  dispersion  and  provide  a very  accurate  Doppler  frequency  measurement.  A 
value  of  A f /f  - A 8/8  = 0.05  will  provide  a velocity  measurement  accuracy  of  approximately 
one  percent^for  either  a spectrum  analyzer  or  direct-recording  frequency  readout.  A small 
e has  a limiting  effect  on  the  signal  power  and  the  S/N  ratio  as  the  effective  solid 
collection  angle  of  scattered  radiation,  AQ  > A8^,  is  restricted.  However,  for  subnicron 
particles  and  small  8,  the  scattered  intensity  is  very  large,  and  this  limitation  is  not 
severe,  provided  a sufficient  seed  density  exists. 


In  practice  the  reference  be^un,  or  local  oscillator,  systems  are  self-aligning 
and  several  means  are  used  in  splitting  the  laser  beam  into  components.  One  technique 
uses  path  compensating  (Fig.  2a)  glass  bloc)cs  whereas  other  techniques  utilize  various 
type  prisms.  A photograph  of  a compact  two  component  bloc)c  system  is  shown  in  Fig.  2b 
and  Fig.  2c.  A number  of  these  devices  have  been  analyzed  in  detail  for  performance 
(Ref.  2). 


C.  Bac)cscatter , Reference  Beam,  LV 

If  bac)cscattered  light  (8  = 180  deg)  is  heterodyned  with  reference  light,  the 
relative  frequency  dispersion  is  negligible  i.e.,  A f_/F  = 0,  as  sin  (8/2)  is  essentially 
constant  for  8 = 180  deg  so  long  as  A8  <<  8.  Such  considerations  permit  substantially  more 
bac)cscattered  radiation  power  to  be  collected  and  aligned  with  reference  radiation  without 
adversely  affecting  the  relative  frequency  dispersion.  Also,  for  fractional  micron-sized 
scatterers,  the  bac)cscattered  light  intensity  (Refs.  3,  4,  5,  and  6)  is  much  reduced  in 
comparison  to  that  of  small  angle  frontscattering.  Thus,  to  obtain  signals  comparable  to 
those  of  frontscattering,  substantially  more  radiation  must  be  collected  and  aligned 
without  adversely  affecting  the  relative  frequency  dispersion  A fQ/f^ 

The  frequency  to  velocity  conversion  for  the  bac)cscatter  system  where  8 = 180 
deg  is  given  by: 


^ = 2 

V • e^  X (3-3) 

where  e^  is  the  unit  vector  orthogonal  to  the  vertical  and  horizontal  components  - or  in 
the  direction  of  the  incoming  laser  beeim. 

^ cos  8/2  = v/8  for  small  8 

This  result  implies  that  the  frequency  to  velocity  conversion  factor  is  large  for  bac)c- 
scattered  light  and  approximately  one  order  of  magnitude  greater  than  for  the  front- 
scattering case. 

By  extending  the  techniques  two  and  three  orthogonal  components  of  velocity, 
using  a single  laser  source,  may  be  measured.  Such  a three  component  system  would  comprise 
one  laser,  three  sets  of  optics  that  are  orthogonal  to  each  other,  and  three  photodetectors 
such  as  photomultiplier  tubes  or  photodiodes.  The  advantage  of  utilizing  an  orthogonal 
set  of  optics  is  that  subsequent  algebraic  manipulation  of  the  data  is  not  required  to 
extract  individual  velocity  components  as  the  output  frequency  of  each  photomultiplier 
tube  will  be  proportional  to  only  one  orthogonal  component  of  velocity. 

An  optical  arrangement  for  measuring  three  orthogonal  reference  beam  systems 
is  shown  in  Fig.  4.  On  the  bac)cscattered  component,  path  length  equalization  mirrors 
were  employed  as  the  laser  did  not  include  an  etalon  to  extend  its  coherence  length  and 
permit  detection  with  large  optical  path  differences.  Note  that  the  performance  of  the 
bac)(scatter  component  detection  scheme  is  also  vibration  insensitive  because  the  illumi- 
nating and  collecting  optics  are  closely  positioned  in  space  and  are  very  stable  with 
respect  to  one  another. 

D.  Dual  Scatter  LDV 


Velocity  components  can  also  be  detected  by  heterodyning  two  wavefronts 
emanating  from  a common  scatter  center  illuminated  by  two  beams.  This  is  accomplished 
jFig.  5)  by  simultaneously  Illuminating  the  object  from  two  input  directions  (e.,  and 
e.,.  und  detecting  the  difference  frequency  of  two  superimposed  rays  generated  iy  a 
co(Bmon  scatter  center  and  propagated  in  a^common  direction  (eg)  . One  ray^is  scattered 
from  the  e^i  beam  and  the  other  from  the  ej^2  Light  scattered  from  ej^j^  and  in 

the  direction  eg  is  of  frequency 

^s^  " ^o  r • <«s  - ®12>  (3-4) 

whereas  light  scattered  from  the  e^^^  l^eam  and  in  the  same  direction  as  e^  is  of  frequency. 
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As  both  wavefronts  originate  at  a common  scatter  center,  they  are  precisely  aligned. 

When  they  intercept  a photodetector  simultaneously,  they  will  generate  a Doppler  current 
of  frequency  -» 
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which  is  ii^dependent  of  the  viewing  direction  e and  sensitive  only  to  the  velocity 
component  v . e^^.  6 is  now  the  angle  between  tne  two  illuminating  directions  e.,  and  e.-, 
and  e^  is  now  a unit  vector  orthogonal  to  the  mean  illuminating  direction,  i.e.,  orthogonal 
to  e.,  + e.,  (Fig.  4),  f^  of  Eq.  (4-1)  is  independent  of  the  observation  direction  e 
becalllSe  as^e  is  varied^  each  individual  scattered  frequency  (f_j  or  f_2)  increases 
(or  decrease!)  an  identical  amount  such  that  the  difference  freqQency  r_  * f , = f . 
remains  constant.  An  inherent  advantage  of  the  two-beam,  dual-scatter  Bysteffi''’(in 
comparison  to  the  reference  beam)  is  that  a large  solid  angle  of  scattered  radiation 
can  be  collected  without  introducing  signal  frequency  broadening,  thus,  enhanced  S/N 
ratio  is  provided.  Also,  Eq.  (4-3)  predicts  that  fj.  should  be  a unique  frequency, 
providing  v,  e^^^  and  e^j  uniquely  defined. 


Fig.  4 
fronts 
slngal 


A frontscatter  arrangement  of  the  two-beam,  dual-scatter  system  is  shown  in 
Two  Gaussian  illuminating  beams__  focus  to  a common  point  P.  The  radiation  wave- 
are  planar  near  P,  and  therefore  eix  and  e.j  are  uniquely  defined.  The  inherent 
frequency  dispersion  is  thus  zero,  i.e. 


(3-7) 


and  is  independent  of  both  6 6 and  0.  Thus  A 6 can  be  increased  at  will  to  provide  enhanced 
values  of  S/N  ratio. 


Experimentally  the  two-be£un,  dual-scatter  system  performs  satisfactorily  with 
low  laser  powers  and  low  seed  density.  Using  approximately  15  mw  at  4880  8,  the  system 
has  been  used  in  the  frontscatter  mode  to  measure  300  m/sec  velocities  ' : a free-jet 
turbulent  flow,  using  only  atmospheric  impurities  (dust,  etc.)  (Ref.  8). 


A self-aligning,  backscatter,  two-beam  LV  unit  is  schematically  shown  in  Fig.  6. 
This  system,  has  been  used  to  measure  a 300-m/sec  velocity  component  in  a free-jet  turbulent 
flow  using  smoke  (partially  oxidized  mineral  oil)  as  a seed  material,  with  a laser  power 
of  only  20  mw  at  1 = 4800-8.  With  higher  laser  power,  P * 0.5  watts,  artificial  seeding 
was  not  required. 


IV.  BRAGG  CELL  VECTOR  VELOCIMETER 

A.  Introduction 

Self-aligning  laser  velocimeters  using  the  dual-scatter  or  differential 
Doppler  techniques  have  been  used  successfully  in  a number  of  applications  (Refs.  7,  8,  9, 
and  10).  For  measurements  of  one  velocity  component,  such  instruments  are  simple  to 
construct  and  straightforward  to  use.  All  that  is  required  is  a beam  splitter  of  reasonably 
high  quality,  a laser,  lenses,  and  a signal  detector.  A self-aligning  velocimeter  capable 
of  measuring  two  velocity  components  is  considerably  more  difficult  to  construct,  especially 
since  care  must  be  taken  to  eliminate  the  so-called  cross-talk  between  components  and  to 
match  optical  paths  in  the  transmitting  portion  of  the  instrument  to  maintain  a high 
signal-to-noise  ratio.  Furthermore,  some  complex  means  such  as  polarization  separation 
must  be  used  to  separate  the  signals  for  each  velocity  component  and  then  direct  the 
respective  signals  to  two  different  detectors  (Ref.  11).  Such  velocimeter  systems  suffer 
from  several  basic  drawbacks — the  velocity  signal  for  each  component  has  a 180-deg 
directional  6unbiguity.  This  presents  no  difficulty  when  the  velocity  direction  is  known 
a priori.  However,  in  certain  applications,  where  turbulent  and  circulating  flows  exist, 
the  directional  ambiguity  severely  limits  the  utility  of  the  instrument.  In  addition  most 
signal  processors  require  a specific  number  of  cycles  of  information.  If  a particle 
traverses  the  focal  region  at  an  angle,  which  is  realistic  in  the  case  of  turbulent  flow 
conditions,  then  an  insufficient  number  of  cycles  of  information  will  be  obtained.  In 
other  words,  a "dead  zone"  exists.  As  an  example,  in  Fig.  7A  the  particle  is  traversing 
the  focal  region  at  such  an  angle  that  only  a few  fringes  are  cut  and,  hence,  no  horizontal 
component  data  were  acquired.  In  Figure  7B  the  particle  path  is  at  such  an  angle  that  no 
ver'.icle  component  data  can  be  acquired,  again  because  of  the  insufficient  number  of 
cyc’.t'S.  The  "dead  zones"  are  characteristic  of  systems  having  stationary  fringe  planes  set 
up  in  the  probe  volume. 

It  has  been  shown  that  the  directional  ambiguity  can  be  resolved  with  the  use 
of  ultrasonic  Bragg  cells,  rotating  diffraction  gratings,  etc.,  to  frequency  shift  of  the 
portion  of  the  transmitted  light  such  that  a carrier  frequency  can  be  generated  for  the 
Doppler  signal  (Ref.  12).  The  direction  of  the  frequency  shift  about  the  carrier  frequency 
is  then  related  to  the  direction  of  the  velocity  vector.  In  the  present  section  the 


operation  of  a Bragg  Cell  veloclmeter  system  will  be  described,  ex^unples  of  its  operation 
illustrated  and  the  improvement  in  performance  of  an  LV  will  be  described. 


B.  Principles  of  Operation 


The  diffraction  of  light  by  ultrasonic  waves  is  well  understood  (Ref.  13  and 
14).  In  a liquid-filled  (or  solid  state)  ultrasonic  cell,  a quartz  crystal  oscillating 
at  a predetermined  frequency  generates  a traveling  wave  (although  by  changing  the  cell 
geometry,  a standing  wave  can  also  be  generated).  Since  the  wave  oscillates  along  the 
direction  of  propagation,  sinusoidal  variations  in  the  index  of  refraction  of  the  liquid 
are  produced.  Hence,  the  device  may  be  visualized  as  a phase  diffraction  grating;  for 
standing  waves  the  diffraction  grating  is  imagined  to  be  stationary  whereas  for  traveling 
waves  the  grating  may  be  imagined  as  moving  at  the  speed  of  sound  in  the  direction  of 
the  wave  propagation.  The  diffraction  characteristics  of  the  grating  are  a sensitive 
function  of  the  orientation  of  the  grating  relative  to  the  input  illumination  (Ref.  14) . 
Only  Bragg  reflection  (where  the  ultrasonic  wave  vector  is  nearly  perpendicular  to  the  wave 
vector  of  the  input  light)  will  be  considered.  Other  diffraction  modes,  e.g.,  in  the 
so-called  Rcutian-Nath  region  (Ref.  14)  can  be  used  in  self-aligning  two-component  LV 
systems,  but  with  considerable  difficulty.  By  carefully  adjusting  the  driving  crystal 
electronics  and  the  cell  orientation,  the  cell  may  be  made  to  diffract  one-half  of  the 
input  light  by  the  Bragg  effect,  into  a first  order  "Bragg  mode”  the  other  half  of  the 
light  passes  through  the  cell  unaltered.  The  angle  between  the  beams,  8,  satisfies  the 
Bragg  equation 


• fl  ^ 

sin  P * -7- 
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(4-1) 


where  1 is  the  wavelength  of  the  light  and  A is  the  wavelength  of  the  ultrasonic  wave  in 
the  diffracting  medium.  A is  given  by 


A 


(4-2) 


where  c is  the  speed  of  sound  in  the  diffracting  medium  and  f is  the  modulation  frequency 
of  the  cell-driving  crystal  and,  therefore,  the  frequency  of  €he  ultrasonic  wave. 

The  grating  model  of  the  ultrasonic  Bragg  cell  fits  well  with  the  fringe 
interpretation  of  the  LV.  The  fringe  spacing,  6 , for  stationary  fringe LV  systems  is 
given  by: 

X 

5 = 

2 sin  0/2 

5 = i for  0 <<1 

® (4-3) 

where  6 is  the  angle  bet'  een  the  beams  transmitted  to  the  probe  volume.  In  a moving  fringe 
LV  system,  the  Bragg  cell  can  act  as  a beam  splitter.  The  angle  between  the  beams 
(Eq.  (4-3))  is  usually  quite  small  and  must  be  magnified  for  practical  applications.  In 
any  case,  a lens  system  images  the  dispersive  origin  of  the  two  beams,  to  form  the  probe 
volume  for  the  moving-fringe  LV  system  (Fig.  8) . In  this  respect  care  must  be  taken  to 
mode  match  (Ref.  15)  the  optics  associated  with  the  Bragg  cell.  Since  a laser  produces  a 
Gaussian  beam  diffraction  must  be  considered  to  ensure  that  the  beams  cross  and  focus 
coincidentally.  It  is  also  possible  for  the  fringes  in  the  probe  volume  to  be  non-equi- 
distant  introducing  errors  in  the  analysis  of  data.  In  general  commercial  Bragg  cell 
systems  will  include  the  mode  matching  optics  (Ref.  16)  as  part  of  the  unit. 

With  recourse  to  geometrical  optics,  it  is  straight,  forward  to  show  that  for 
a moving  fringe  LV  system 


6 = mA 


(4-4) 
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where  m is  the  magnification  of  the  system.  Equations  (4-4)  and  (4-5)  show  that  the 
stationary  and  moving  fringe  systems  are  fully  equivalent  and  that  the  probe  volume  in 
the  moving  fringe  case  may  be  thought  of  as  containing  the  image  of  the  moving  diffraction 
grating.  The  movement  of  the  grating  image,  V , is  given  by 
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where  c is  Jhe  velocity  vector  of  the  wave  in  the  Bragg  cell.  Hence,  the  observed  velocity 
component,  V^^,  normal  to  the  fringes,  is  given  by 


0 

sc 


(4-7) 


where  V is  the  velocity  component  which  would  be  observed  if  the  fringes  were  stationary. 
The  (-f)^slgn  is  used  if  is  in  a direction  opposite  the  travel  of  the  grating  image,  and 
the  (-)  sign  is  used  if  V^  is  in  the  same  direction  of  travel  as  the  image.  Transformation 
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of  Eq.  (4-7)  into  one  specifying  only  the  frequency  is  accomplished  by 


V = 

sc  sc 

(4-8) 
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(4-10) 

which  are  forms  of  the  usual  equations  used  for  determining  velocity  components  from  an 
LV  signal.  Using  Eqs.  (4-8),  (4-9),  and  (4-10)  in  Eq.  (4-7)  one  obtains 

^sc  ° ^m  - (4-11) 

Equation  (4-11)  shows  the  well-)cnown  result  that  the  Doppler  signal  is  centered  atxsut  a 
carrier  frequency  f^  and  that  the  value  of  this  frequency  can  be  used  to  remove  the 
directional  ambiguity. 

C.  Two-Dimensional  Bragg  Cell 

The  primary  difficulty  in  using  two  individual  Bragg  cells  in  a two-component 
duel-scatter  LV  system  is  that  considerable  effort  must  be  expended  to  properly  align  the 
system.  The  light  input  into  a focusing  lens  from  each  of  the  cells  must  be  parallel  or 
the  respective  components  will  focus  at  different  points.  This  could  lead  to  considerable 
errors  in  attempting  to  resolve  the  measured  velocity  components  into  a two-dimensional 
velocity  vector.  The  optics  required  for  maintaining  parallel  inputs  into  the  transmitting 
lens  is  cumbersome,  and  it  is  tedious  to  align  with  sufficient  accuracy  for  a coincident 
focus.  These  difficulties  have  been  circumvented  with  the  development  of  a two-dimensional 
Bragg  cell  (TDBC) . The  device  is  shown  schematically  in  Fig.  9.  The  cell  consists  of  two 
legs.  At  the  base  of  each  leg  is  an  X-cut  quartz  transducer.  The  transducer  consists  of 
a quartz  disc,  a mounting  structure  for  the  quartz  disc,  and  impedance  matching  electronics. 
The  electronics  in  this  particular  exeunple  comprise  two  signal  generators,  two  counters  to 
monitor  the  frequency  and  two  drivers  for  the  Bragg  cell.  Although  15  and  25  MHz  were 
selected  for  this  example  any  two  frequencies  may  be  selected  as  dictated  by  the  test 
program. 


The  Bragg  cell  is  used  both  as  a beam  splitter  and  as  a frequency  shifter. 

It  can  be  imagined  to  generate  two  superimposed,  linearly  independent,  diffraction  gratings. 
Hence,  for  the  configuration  shown  in  Fig.  10,  light  from  the  TDBC  appears  to  disperse 
from  a common  origin.  This  eliminates  any  possibility  of  focusing  errors  for  the  optical 
components  of  the  respective  beams. 

■'  Several  practical  advantages  in  using  the  TDBC  in  a LV  system  are  evident. 

One  may  immediately  observe  that  the  system  is  automatically  self-aligning,  i.e.,  the 
transmitted  beams  will  have  a common  focus  without  further  beam  adjustment  since  the 
beams  originate  from  a common  source.  Furthermore,  since  the  path  length  differences 
between  each  of  the  beams  are  negligible,  the  fringe  contrast  at  focus  will  be  high, 
thereby  eliminating  the  need  to  path  compensate  the  beams  prior  to  transmission  and  focus. 
Compared  to  stationary  fringe  LV  systems,  the  TDBC  system  increases  the  number  of  cycles 
of  information  in  the  Doppler  signal.  This  increase  has  significant  ramifications  in 
the  choice  of  the  type  of  signal-processing  electronics  to  be  used  in  a particular 
application. 

An  estimate  of  the  maximum  number  of  cycles  of  information  that  the  particle 
will  generate  as  it  passes  through  the  probe  volume  can  be  made  as  follows.  Assume  that 
a scatter  center  with  velocity  Vgj,  traverses  the  probe  volume  with  a trajectory  which  is 
normal  to  the  fringe  planes  and  passes  through  the  geometric  center  of  the  beam  cross 
point  (the  condition  for  the  maximum  num):>er  of  cycles  of  information)  . The  signal  observed 
in  real  time  will  have  a pulse  duration  time  f , which  will  be  assumed  to  be  the  scatter 
center  time  of  flight  between  the  l/e^  intensity  points  in  the  probe  volume.  The  number 
of  cycles  of  information  in  the  detected  signal,  N,  is  then  given  by 


N 


= T f. 


(4-12) 


It  should  be  noted  that  f as  given  by  Eq.  (4-12)  is  the  frequency  of  the  acoustic  wave- 
fronts in  the  Bragg  cell  afid  will  not  necessarily  be  the  frequency  of  the  signal  available 
to  the  information  processor.  For  example,  experimentally,  a more  convenient  frequency 
range  could  be  selected  by  heterodyning  the  detected  signal  current  with  that  of  a local 
oscillator  in  the  signal-conditioning  electronics.  However,  to  compare  the  number  of 
cycles  of  information  for  the  moving  fringe  system  with  that  of  the  stationary-fringe 
system,  it  will  be  assumed  that  f as  defined  by  Eq.  (4-12)  is  the  same  for  both  the 
moving-  and  stationary-fringe  systems.  Therefore  t , the  pulse  duration  time,  may  be 
written  as 

X. 

'^D  (4-13) 

where  Ng  is  the  number  of  stationary  fringes  within  the  1/e^  points  of  the  fringe  intensity 
distribution  and  S is  the  fringe  spacing.  Using  Eqs.  (4-10),  (4-11),  (4-12),  and  (4-13), 
the  number  of  cycles  of  information  observed  from  the  moving  fringe  system  relative  to 
that  for  the  stationary-fringe  system  is 


(4-14) 


Thus,  by  always  choosing  a considerable  increase  in  the  number  of  cycles  available 

for  the  signal  processor  can  be  obtained. 

One  advantage  in  using  a two-frequency  TDBC  is  that  the  respective,  velocity 
component  frequencies  are  centered  about  the  Bragg  cell  modulation  frequencies.  This 
allows  a multiplicity  of  components  to  be  detected  by  a single  photodetector  and  separated 
electronically,  as  shown  in  Fig.  11,  rather  than  optically,  after  detection.  This  charac- 
teristic of  the  TDBC  simplifies  the  optic  design  of  an  LV  system. 

V.  THREE  COMPONENT  VELOCIMETER  SYSTEMS 

There  are  two  basic  techniques  that  are  considered  in  the  development  of  three 
component,  simultaneous,  velocity  measurements.  One  technique  comprises  a two  component 
dual-scatter  system  for  the  vertical  and  horizontal  components  and  the  third  velocity 
component  is  a reference  beam  system.  The  latter  component  determines  the  velocity  parallel 
to  the  transmitting  beeun.  In  this  design,  the  optical  geometry  is  such  that  three  ortho- 
gonal components  are  acquired.  The  second  technique  comprises  three  dual-scatter  com- 
ponents. In  this  particular  case,  one  component  is  off-axis  and  determines  either  an  x-z 
or  y-z  velocity  measurement.  As  a result  the  all  dual-scatter  system  is  a bit  more 
complicated  in  that  mathematical  reduction  of  the  third  component  data  is  required. 

A.  Dual-Scatter/Reference  Beeun  System 

In  the  event  artificial  seeding  of  flow  is  permitted,  or  that  a sufficient 
number  of  particulates  are  entrained  in  the  flow,  then  a reference  beam  system  would 
suffice  to  determine  the  third  velocity  component.  This  system  is  schematically  illustrated 
in  Fig.  12.  Fc°m  the  figure  it  is  seen  that  the  output  beeun  of  laser  emitting  two  wave- 
lengths (4880-A  and  5145-S)  is  split  into  several  beams  by  the  Bragg  cell  mode  matching 
optics  system.  The  4880-A  line  is  partially  removed  to  serve  as  the  reference  be^  (1% 
of  the  total  beeun  intensity).  The  remainder  is  transmitted,  along  with  the  5145-A  beams, 
to  the  focal  volume.  The  back-scattered  radiation  is  collected  by  the  same  lens  as  was 
used  for  transmission  of  the  beams.  To  minimize  reflected  radiation  from  the  transmitting 
lens,  the  central  region  of  the  lens  is  removed.  The  collected  radiation  is  directed  to 
the  respective  photodetectors  by  means  of  mirrors,  and  dielectric  beam  splitter  (or  color 
separator)  and  respective  line  filters.  From  the  photodetectors  the  signals  are  trans- 
mitted to  respective  data  processing  systems.  Parallel  to  the  transmitting  beam  is  a 
local  oscillator,  or  reference  beam,  system.  The  design  of  the  two  dual-scatter,  refer- 
ence beeun  system  results  in  a three-dimensional,  orthogonal  measurement. 

B.  All  Dual  Scatter  System 

In  the  dual-scatter  concept,  Bragg  cells  are  used  for  acquiring  both  the 
magnitude  and  direction  simultaneously.  Figure  13  is  an  illustration  of  the  system 
which  has  been  set  up  and  evaluated  in  the  laboratory.  An  argon  laser  is  used  for  the 
light  source  and  transmit  multi-color  light  through  a color  separating  filter  where  the 
4880-A  line  is  separated  tiom  the  5145-A  line.  The  5145-A  beam  enters  the  two-dimensional 
Bragg  cell  by  means  of  mode-matched  optics.  From  the  two-dimensional  Bragg  cell  three 
modulated  beams  are  expanded  to  the  desired  separation  angle,  collimated  and  then  focused 
to  the  measuring  point.  The  4880-a  beam  is  directed  by  means  of  a mirror  to  its  respective 
Bragg  cell  by  means  of  mode  matching  optics  where  it  is  frequency  modulated.  The  two 
modulated  beams  are  transmitted  to  the  focal  region  by  means  of  a similar  set  of  optics 
as  the  5145-A  line.  The  two  4880-A  beams  then  traverse  the  focal  lens  and  are  brought  to 
the  common  focal  point  with  the  5145-A  lines.  Three  different  sets  of  fringes  are  formed 
and  a particle  traversing  the  focal  volume  scatters  light  which  is  collected  by  the 
collecting-collimating  lens  combination  shown  in  Figure  13.  The  scattered  radiation, 
comprising  both  4880-A  and  5145-A  lines  impinges  upon  a color  separator  where  the  4880-A 
line  is  reflected  to  a mirror  and  then  through  an  aperture  lens  combination  into  the 
photomultiplier  tube.  The  5145-A  line  passes  through  the  color  separating  lens  and  is 
collected  on  its  associated  photomultiplier  tube  and  lens-aperture  combination.  The 
5145-A  line  contains  two  components  of  velocity  information,  whereas  the  4880-A  line 
contains  a y-z  or  an  x-z  velocity  combination.  In  this  manner,  all  three  components  are 
simultaneously  detected  and  processed  by  means  of  an  electronics  subsystem  comprising 
frequency  separators,  translators,  and  data-processing  system. 

VI.  FACTORS  AFFECTING  SYSTEM  DESIGN 

In  this  section  the  characteristic  probe  volumes  of  the  cross-beam  reference 
beeun  and  the  cross-beam  dual-scatter  LDV  optical  systems  and  other  factors  affecting 
system  design  are  discussed.  The  probe  volume  is  defined  to  be  the  region  in  space  from 
which  the  amplitude  of  the  Doppler  current  generated  by  a moving  scatterer  is  at  least 
1/e  of  its  maximum  possible  value.  The  probe  volumes  of  these  two  optical  configurations 
are  seen  to  be  identical. 

A.  Cross-Beam  Reference-Scatter  Probe  Volume 


A reference-scatter  (RS) , velocimeter  of  the  cross-beam  type  which  operates 
in  a maxlm^  radiation  collection  mode  has  an  ellipsoidal  probe  volume  which  is  bounded 
by  the  1/e*  intensity  contours  of  the  I and  R beams  (Fig.  14).  Both  radiation  alignment 
and  illuminating  intensity  are  seen  to  limit  the  probe  volume  size. 
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Two  important  facts  concerning  probe  volume  size  are: 


1.  Scatter  center  position  variations  parallel  to  the  axis  of  the  reference  beam  do  not 
significantly  affect  alignment  of  the  Scattered  and  Reference  waves  at  a distant 
phototube . 

2.  Scatter  center  position  variations  perpendicular  to  the  R beam  axis  considerably 
affect  wavelength  alignment  and,  thus,  the  eunplitude  of  the  Doppler  current  generated 
by  a scatter  center.  When  a scatter  center  is  located  on  the  1/e^  intensity  contour 
of  the  R beam,  the  relative  Doppler  current  is  reduced  in  amplitude  by  a factor  of 
1/e^  because  of  radiation  alignment. 

In  Fig.  15  scatter  center  is  assumed  to  be  positioned  such  that  the  scattered  wavefronts 
(dashed)  are  in  phase  with  reference  wavefronts  (solid)  at  a (0,z^) , the  center  of  the 
R beam  on  the  phototube.  The  R and  S wavefronts  are  chosen  to  be'^180  deg  out  of  phase 
at  the  1/e^  power  points  (b  »z  ) of  the  reference  beam.  At  (0,z  ) the  wavefronts  rein- 
force in  phase,  producing  a'^maximum  instantaneous  intensity  and  a maximum  elemental  photo- 
tube current;  at  (b  , z ) the  wavefronts  are  out  of  phase  and  tend  to  cancel  one  another, 
producing  a minimum°in€ensity  and  a minimum  elemental  current  contribution.  At  each  point 
the  elemental  current  will  vary  with  time  at  the  Doppler  frequency,  as  indicated  by  the  I 
versus  t plots  to  the  right  of  the  respective  points  in  Fig.  15.  Thus,  the  net  harmonic 
(a-c)  current,  obtained  by  integrating  the  elemental  current  contributions  over  the  extent 
of  the  R beam  on  the  photocathode,  is  reduced  in  amplitude  because  adjacent  elemental 
current  contributions  cancel  one  another.  Such  would  not  be  the  case,  however,  for  a 
scatter  center  located  near  (0,0)  because  the  R and  S wavefronts  would  be  parallel  over 
the  photodetector  and  the  resulting  Doppler  current  phase  variations  would  be  negligible. 


The  relative  Doppler  signal  strength  is  affected  also  by  the  intensity  of  the 
scattered  radiation  and,  thus,  by  the  illuminating  beam.  Assume  an  ideal  TEM  , 
diffraction  limited,  Gaussian  laser  beam  and  that  tan  6 = 1/F  (Fig.  15) . The°net 
phototube  Doppler  current  amplitude.  Id,  generated  by  a scatter  center  positioned  at 
(x,y.z)  relative  to  the  cross  point  of  the  becun  centerlines  in  the  probe  region  (Fig.  15) 
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^ + y^  cos^  (e/2)  + z^  sin^  (e/2) 

(6-1) 
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where  it  is  assumed  that  detector  optics  similar  to  those  in  Fig.  2 are  employed,  and 
signal  amplitude  variations  caused  by  both  radiation  alignment  and  illuminating  intensity 
have  been  considered.  I_  falls  to  I_^/e  when  a scatter  center  is  positioned  on  the 
ellipsoid 

x^  + y^  cos^  (e/2)  + z^  sin^  (6/2)  = h^/2 

(6-2) 

and  to  I,^e  * when 
Do 

+ y^  cos^  (e/2)  + z^  sin^  (x/2)  « ab^^/2 

(6-3) 

for  arbitrary  a - 0, 
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which  is  the  (1/e^  intensity)  ■inimuai  beam  radius  of  the  I and  R radiations  in  the  focal 
region,  and  f • 1/ A e la  the  f,'nuaU>er  of  the  I and  R beams.  Equation  (5-3)  defines 
surfaces  of  constant  signal  asiplitude.  As  the  scatter  center  passes  through  the  probe 
region  near  0,0  o,  the  cross  point  (and  cosason  focal  point)  of  the  two  be2uns,  it  will 
intersect  such  surfac'z  and  generate  a Poppler  signal  of  varying  2unplitude. 


Let  the  probe  voluaw  be  defined  as  the  region  of  space  within  which  a 
scatter  center  will  generate  a Doppler  current  amplitude  of  at  least  1/e  of  the  maximum 
amplitude  occurring  at  0,0,0.  Equation  (5-2),  which  defines  the  surface  of  the  probe 
vol'iSM,  is  illustrated  in  Fig.  14.  Note  that  the  entire  probe  volume  is  bounded  by  the 
1/e^  intensity  points  of  the  reference  and  illuminating  be2uns.  The  probe  volume  is 

V - 2 w (2  b^^)/(3  sin  0) 

(6  -5) 

Substituting  for  b frosi  Eq.  (5-4),  it  is  found  that  the  probe  volume  is  10~®  cm^  (f  = 150, 
X « .4880  urn,  and  0 « 10  deg)  and  can  be  as  small  at  lO”^**  cm^  (assuming  f « 8,  X =■ 

.4880  pm,  and  0 » 40  deg)  for  a velocimeter  employing  self-aligning  optics. 

Thus,  the  cross-beam  RS  LDV  is  seen  to  have  a very  small  characteristic  e ^ 
probe  volume  of  ellipsoidal  geometry  which  is  limited  by  radiation  alignment  and  illum- 
ination intensity  effects.  The  e probe  volume  is  completely  contained  within  the  e“2 
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intensity  points  of  the  beam  cross-over  region 
B.  Cross-Beam  Dual-Scatter  Probe  Volume 
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The  two-beam,  dual-scatter,  cross-beeun  LV  systems,  described  in  Section  IV 
and  shown  in  Fig.  10  provide  Doppler  information  by  heterodyning  two  wavefronts  simultane- 
ously scattered  from  the  common  crossover  region  of  two  illuminating  beams.  Radiation 
alignment  effects  do  not  enter  into  the  determination  of  the  two-beam  probe  volume,  as 
two  wavefronts  simultaneously  scattered  from  the  Scune  scatter  center  must  obviously  be 
propagating  precisely  in  the  same  direction  at  any  point  in  space.  Illumination  intensity 
effects,  therefore,  solely  determine  the  probe  volume  of  this  system. 


This  system  will  have  excellent  spatial  resolution  since  each  illuminating 
befun  focuses  to  a Gaussian  spot  of  (1/e^  intensity)  diameter  2b^  (Fig.  14)  given  by 


(6-6) 


where  2b^  is  0.06  mm  assuming  f = 100  and  A - .4880  pm. 

The  variables  of  Eg.  (5-6)  are  shown  in  Fig.  14.  The  x,  y,  z dimensions  of 
the  beam  crossover  (or  common  overlap)  region  are 

X = 2b 

y = 2b^/cos  (8/2) 

z = 2b  /sin  (8/2) 

° (6-7) 

Signal  contributions  of  the  significant  amplitude  are  generated  by  scatter  centers 
located  within  the  volume  of  the  beam  overlap  region  which  has  these  maximum  dimensions. 

For  a l/e^  focal  spot  diameter.  Eg.  (5-6),  of  2b  = 0.06  mm  and  for  8 = 11  deg,  these 
dimensions  are  Ax  = Ay  = 0.06  mm  and  z = 0.60  i^.  Outside  this  region  at  least  one  of 
the  beams  is  reduced  in  intensity  and  contributes  very  little  to  the  Doppler  current 
amplitude. 

A more  critical  analysis  (Ref.  15)  will  reveal  that  when  a scatter  center  is 
located  on  the  ellipsoid: 

x^  + y^  cos^  8/2  + z^  sin^  8/2  = 

(6-8) 

the  signal  current  will  be  of  amplitude  1/e  relative  to  that  signal  current  which  would 
exist  if  the  same  scatterer  were  located  near  the  geometrical  center  of  the  probe  volume 
0,0,0.  It  should  be  noted  that  this  1/e  probe  volume  is  identical  to  that  of  a cross- 
beam, reference-beam,  velocimeter  (Section  IV)  and  thus  the  dual-scatter  technigue  provides 
spatial  resolution  identical  to  that  of  a practical  reference-be^un  velocimeter.  In  an 
off-axis  configuration  the  probe  volume  that  is  measured  can  be  smaller  than  the  physical 
probe  volume  generated  by  the  transmitting  optics.  This  is  because  the  entire  lens  is 
used  for  collecting  the  scattered  light.  The  following  serves  as  an  exeunple:  If  a 15  cm 

lens  of  90  cm  foe  >1  length  is  used  for  the  signal  collection  then  the  measuring  volume 
dimensions  are: 


2b^  = 1.2  x .5  X lO"^  X 
= 3.6  X 10  ^ cm 

The  depth  of  field  is 

L = 3.6  X lO"^  X 6 
-4 

= 21.6  X 10  cm 


which  is  considerably  smaller  than  the  actual  probe  volume  dimensions.  In  an  off-axis 
mode  the  dimensions  would  be  further  corrected  to 


^off  axis 


21/  cos  8 
o 


where  8 is  the  off-axis  angle  of  the  collector. 

C.  Optical  Heterodyne  Detection 

In  measuring  the  Doppler  shifted  freguency,  the  most  common  technigue  is  by 
optically  heterodyning  (or  homodyning)  the  signals  on  the  surface  of  a photodetector.  The 
primary  Interest  is  that  of  optimizing  the  slgnal-to-noise  (S/N)  ratio.  Consider  two 
parallel  electromagnetic  waves  that  are  aligned  so  that  they  impinge  nojnmally  upon  a 


i 





Aft 


■>  ■ Up-  ’ 


3-12 


photodetecting  surface.  The  total  electric  field  vector  is  given  by 

= E,  cos  U),t  + E_  cos  (D  ,t 
t 1 12  2 

where  E,  and  E-  are  the  amplitudes  of  the  individual  waves.  Assume  that  both  electric 
fields  nave  thS  same  polarization;  the  intensity  of  the  radiation  to  which  the  photo- 
detector responds  would  be  to  the  square  of  the  electric  field,  given  by; 

= E^  cos^  Uj^t  + cos^  ^“1  “2*^ 


+ Ej^  E2  cos  -ID^)  t (6-10) 

The  detector  does  not  respond  to  the  instantaneous  values  of  the  optical  frequencies 
(the  first  three  terms)  however,  it  does  respond  to  the  average  value  of  these  frequencies; 
e.g.,  E,2/2,  E,2/2.  The  detector  does  have  the  capability  of  following  the  difference 
frequency  between  the  two  incoming  waves.  Thus,  the  response  of  the  detector  E^  is  given 
by 

2 2 

E^  = Ej^  E 2 + Ej^  Ej  COS  (o)j^  - uijJt 

(6-11) 


It  is  seen  that  the  photodetector  will  yield  an  output  current  composed  of  a dc  term  and 
an  ac  term  varying  at  the  Doppler  frequency  fj^.  The  laser  velocimeter  technique  comprises 
measuring  the  signal  frequency  given  by  Eq.  (5-11)  and  then  converting  to  velocity  by  the 
use  of  Eq.  (3-1) . The  S/N  power  ratio  of  an  optical  heterodyne  detection  system  (an  LV) 
is 
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(6-12) 


where  P„  is  the  scattered  power  from  the  focal  region,  collected  by  a lens  and  beat  with 
reference  radiation  power  P , P is  the  background  radiation  power,  n is  the  phototube 
quantum  efficiency,  h is  Planck*s  constant,  v is  the  laser  light  frequency,  and  B is  the 
(shot  noise  limiting)  bandwidth  of  the  electronic  circuitry  often  the  intermediate  fre- 
quency (IF)  bandwidth  of  a spectrum  analyzer.  The  generated  signal  power  is  proportional 
to  the  square  of  the  Doppler  current  which  varies  in  proportion  to  Pj-Pp'  noise  power 

(denominator)  is  usually  dominated  by  the  electronic  shot  noise  caused^Tjy  (Ps.ti^n  "*■  **0) 
the  net  light  power  intercepting  the  phototube.  A minimum  signal  power  of  10”  watts*' 
will  cause  the  "other  electronic  noise"  (such  as  an  RCA  931  or  8645  - S20  photomultiplier 
with  a load  resistor  greater  than  50  ohms  ( n)  and  employing  a low  noise  ^unplifier)  to  be 
negligible.  Experience  indicates  that  when  Pp  is  an  order  of  magnitude  greater  than  Pg, 
it  will  dominate  the  denominator  of  Eq.  (6-12).  Such  a large  level  of  reference  beam 
power  will  drive  most  PM  tubes  into  a light  insensitive,  saturated,  condition.  However, 
it  is  under  this  condition  that  maximum  (by  means  of  a spectrum  analyzer)  S/N  ratios  are 
observed  on  reference  beam  LV  systems.  Equation  (6-12)  predicts  that  above  a certain 
reference  beeun  power,  the  S/N  ratio  is  a maximum,  and  this  fact  is  commonly  observed 
experimentally.  There  exists  a range  in  Pr/Pb  of  approximately  1000:1  for  which  even 
normal  room  illumination  has  little  effect  on  S/N  ratio  since  Pr  >>  Pb»  Pr  >>  P*S 
Equation  (6-12)  reduces  to 
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(6-13) 


In  the  dual-scatter  systems,  with  the  collecting  optics  located  between  the  two  signal 
beams,  either  forward  or  backscatter  configuration  and  if  P = P then 
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This  implies  that  the  reference  beam  system  S/N  is  greater  than  with  a dual-scatter  system. 
However,  use  of  a larger  collecting  lens  increases  the  magnitude  of  Ps  thus  reducing  this 
effect.  This  is  a relatively  simplified  approach  to  the  problem.  In  general,  there  is 
also  a relationship  between  the  particle  size  and  fringe  spacing  which  must  also  be 
considered  when  attempting  to  determine  the  actual  S/N  ratio.  The  Doppler  signal  is  burst- 
like as  shown  in  Fig.  16.  The  a-c  or  high  frequency  term  contains  the  desired  Doppler 
information  whereas  the  d-c  or  low  frequency  term  contributes  to  the  degeneration  of  the 
signal  quality.  Therefore  the  S/N  ratio  must  be  modified  to  properly  account  for  this 
phenomenon.  The  modification  considers  the  ratio  of  particle  size  to  fringe  spacing 
which  is  related  to  the  Michelson  visibility  function,  defined  as 
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L 


is  the  maximum  scattered  intensity  from  a bright  fringe  and 

imum  scaWSred  intensity  from  the  adjacent  dark  fringe.  Under  ideal  conditions 


where  Ic 


is  the  min- 
it  can 


be  shown  that  the  visibility  function  (Ref.  17)  reduces  to 
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(6-16) 


where  J.  is  a first  order  Bessel  function,  d is  the  particle  radius  and  £ the  fringe 
spacing.  The  function,  plotted  in  Fig.  17,  has  zeros  at  1.22ti6,  2.233tt6  etc.  indicating 

dieuneter  of  1.22 


that  when  a particle  has  a dieuneter  of  1.22  etc.,  no  Doppler  or  a-c  signal  can  be 
detected.  Therefore  a means  of  varying  the  fringe  spacing  is  therefore  a desirable 
feature  to  be  incorporated  into  the  LV  design. 


D.  Photodetector  Frequency  Response 


Two  types  of  photodetectors  are  generally  used  with  the  various  LV  systems: 

(1)  a PM  tube  or  (2)  a silicon  avalanche  photodiode.  The  frequency  response  character- 
istics of  the  photodetector  or  its  associated  amplifiers  (whether  PM  tube  or  photodiode) 
will  ultimately  limit  the  usable  frequency  range  of  the  LDV  system.  One  PM  tube  presently 
in  use  is  the  RCA  8644  with  a rated  anode  pluse  rise  time  of  15  nsec.  The  time-domain 
parameter,  rise  time,  and  the  frequency  domain  parameter,  3-db  frequency  bandwidth  are 
related  for  a first-order  low-pass  device  by 


(6-17) 


where  t is  defined  as  the  time  required  for  the  photodetector  output  to  rise  from  0.1  to 
0.9  of  Its  final  value  in  response  to  a step  function  input.  The  quantity  f_  is  defined 
as  that  frequency  at  which  the  photodetector  output  has  decreased  in  magnitude  by  -3  db 
from  its  pass-band  value.  Equation  (6-17)  shows  that  the  8644  PM  tube  output  will  have 
changed  by  -3  db  and  will  have  begun  to  decrease  at  a rate  of  6 db/octave  at  a frequency 
fj  given  by 

0.35 


upper  3 db  freq.  = = 


= 23.4  MHz 


This  represents  the  approximate  upper  usable  frequency  limit  disregarding  possible  response 
degradation  caused  by  the  circuitry  attached  to  the  photodetector  by  the  user.  The 
circuitry  attached  to  the  photodetector  anode  could  also  have  a profound  effect  upon 
both  the  sensitivity  and  the  frequency  response  of  the  device. 


E.  Photomultiplier  Tube 


The  conventional  (as  distinguished  from  the  microwave  type)  PM  tube  generally 
consists  of  three  main  sections:  (1)  a photoemissive  cathode,  (2)  a photoelectron  focusing 

assembly,  and  (3)  a series  of  secondary  electron  emmission  multipliers.  Two  effects 
limit  the  upper  usable  frequency  of  the  PM  tube:  (1)  a time  delay  (transit  time) between 
the  input  radiation  and  the  tube  output  current  and  (2)  a spread  in  transit  time.  The 
tiine  delays  are  caused  by  the  finite  transit  time  of  the  photoemitted  and  the  secondary 
emitted  electrons  through  the  tube.  The  transit  time  spread  is  caused  by  differences  in 
the  initi.'il  velocities  of  the  photoemitted  electrons  and  differences  in  the  path  length 
of  the  electrons  through  the  dynode  structure  of  the  tube  (Ref.  18) . The  time  constant  of 
the  load  resistor,  R^,  and  parasitic  capacitance,  Cp,  associated  with  the  anode  lead 
usually  limits  the  frequency  response  before  the  transit  time  limit  is  reached.  The 
upper  3-db  frequency  response  dependence  upon  the  Ri,Cp  time  constant  is  given  by 
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This  is  an  unavoidable  frequency  response  limit  and  the  only  alternative  is  to  reduce  R^ 
if  higher  £2  limits  are  needed.  However,  the  reduction  of  Rl  has  the  undesirable  effect 
of  reducing  the  volta^re  out  of  the  PM  tube  since  the  PM  tube  is  a current  source  device. 
Therefore,  as  a first  approximation  the  anode  current  is  constant  (for  constant  incident 
radiation  intensity)  regardless  of  the  value  of  the  load  resistor.  The  inevitable  trade- 
off is  between  sensitivity  (output  volts/input  watt)  and  frequency  response.  For  example, 
the  8644  Interelectrode  capacitance  (anode  to  all  other  electrodes)  is  3.6  pico  farads  (pf) 
With  the  tube  mounted  inside  a shielded  enclosure  and  electrically  connected  to  output 
circuitry,  an  additional  6.4  pf  can  easily  be  added  to  the  3.6  pf  for  a total  Cp  of  10  pf. 


Then  if  a 3-db  frequency  of  200  MHz  is  desired,  R 

Rl  - ^ 
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an  undesirable  value  for  sensitivity  but  necessary  for  the  desired  frequency  response. 
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F.  Measurement  Uncertainties 

Depending  upon  the  optical  arrangement  of  an  LV  system,  velocities  are  deter- 
mined from  the  Doppler  shift  of  electromagnetic  radiation  scattered  from  a particle  or, 
for  an  interference  system,  the  rate  at  which  the  particle  Intercepts  fringes  in  the  probe 
volume.  In  either  case  the  velocity  of  each  particle  is  related  to  the  detected  frequency 
by: 

-► 

V.  = 6f. 
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(6-20) 

where  the  subscript  refers  to  the  ith  data  point.  The  proportionality  constant,  6 , the 
fringe  spacing  is  given 


6 = _ X 

2 sin  e/2 


(6-21) 


In  lieu  of  frequency  detection  some  eilectronic  processing  systems  measure  the  period 
of  a signal  so  that 


Vi=r- 


(6-22) 


The  uncertainty  in  velocity  measurements  attributed  to  the  optical  geometry  of  a stationary 
fringe  system  LV  is  given  by  (Ref.  19) 


= R + V 


(6-23) 


(6-24) 


(6-25) 


The  velocity-to-frequency  conversion  uncertainty  can  be  shown  to  be  (Ref.  19) 


”5  IT  “3”  (6-26) 

where  L is  the  distance  from  the  probe  volume  to  a selected  measurement,  or  calibration, 
plane  and  d is  the  spacing  between  the  two  beams  at  the  plane.  Since  the  beam  diameters 
are  finite  it  is  a tas)i  to  determine  their  exact  geometric  center.  Similarly,  the  deter- 
mination of  the  geometric  center  of  the  depth  of  field  introduces  an  additional  uncertainty. 

As  an  example,  a one-component  LV  was  calibrated  where  the  focal  length  of  the 
unit  was  122  cm  and  the  angle  between  the  beams  was  5 deg.  From  the  focal  point,  or  cross- 
over region,  the  beams  were  permitted  to  expand  to  a plane  10  m distant. The  beam  separation, 
theoretically,  should  be  87  cm.  A series  of  measurements  was  made  and  it^was  determined 
that  the  uncertainty  in  measuring  the  distance  L was  approximately  AL  = -0.32  ^m.  The 
uncertainty  in  the  measurement  for  the  distance  between  the  beams,  d,  was  d = -0.25  cm. 
Consequently  the  value  for  8 was  0.00321  and  the  conversion  for  v was  determined  to  be 
8.7  X 10-7  sec/ft.  Clearly  the  second  term  in  Eq.  (6-23)  is  considered  negligible  and 
the  largest  uncertainty  lies  in  measuring  distances  accurately. 

In  a Bragg  cell  or  moving  fringe,  velocimeter  system  an  additional  uncertainty 
exists  that  is  attributed  to  the  modulation  frequency  fm-  In  this  particular  application 
the  velocity  is  determined  from: 
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(6-27) 


where  6 is  the  fringe  spacing  and  f^  is  the  frequency  equal  to  the  difference  between  the 
Bragg  cell  modulation  frequency  and  the  local  oscillator  frequency  used  in  the  signal 


separation  electronics  as  illustrated  in  Fig. 
uncertainty  in  the  velocity  measurement  is: 


It  was  shown  (Ref.  19)  that  the 
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( 6-28) 


Equation  (6-28)  is  equally  applicable  to  the  stationary  fringe  system  if  Af^  = fj.  = Q. 

A Bragg  cell  LV  is  therefore  inherently  less  accurate  than  a stationary  fringe  system 
tiecause  of  the  frequency-shifting  of  the  beams.  Equation  (6-28)  is  equally  applicable 
for  other  frequency-shifting  techniques,  such  as  a rotating  grating,  etc.  In  the  case 
of  the  Bragg  cell  the  uncertainty  may  be  minimized  by  using  a local  oscillator  to  down- 
beat  the  signal  to  a frequency  range  anticipated  by  the  range  of  velocities  to  be  measured. 
The  illustration  in  Fig.  11  indicates  the  applicability  of  the  technique.  Channel  1, 


permits  velocity  measurements  of  -10  m/sec  by  using  a local  oscillator  frequency  of 
14.77  Mhz.  If  the  local  oscillator  is  changed  to  12.7  Mhz  the  measurement  range  is 
extended  to  *100  m/sec. 


Rearranging  Eq. 
measurement  is 
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(6-28)  shows  that  the  uncertainty  in  the  sample  velocity 
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The  relationship  indicates  that  in  addition  to  the  distance  measurement  errors  an 
additional  term  proportional  to  the  square  of  the  sample  velocity  is  introduced.  It 
therefore  becomes  important  to  have  instrumentation,  particularly  in  high  velocity  flow 
fields,  that  are  capable  of  determining  the  period  very  accurately.  In  addition  to  the 
geometrical  errors  that  were  discussed  there  are  systematic  errors  and  instrument  bias 
that  must  also  be  considered.  These  factors  will  be  discussed  in  the  next  section. 

G.  Aero  Engine  Design  Problems 


The  design  of  a practical  LV  system  is  functionally  dependent  upon  the 
application  for  which  it  is  intended.  No  one  system  is  capable  of  covering  the  spectrum 
of  requirements  hence,  specific  tradeoff  between  the  numerous  parameters  are  required. 

In  the  case  of  combustion  chamber  probing  of  an  aero  engine  the  anticipated  degree  of 
turbulence  and  the  size  of  the  turbulent  eddies  must  be  considered.  In  this  respect,  the 
angle  of  intersection  of  the  laser  beams  and  the  ratio  of  focal  length  to  diameter  of  the 
lens  must  be  determined.  The  resultant  design  dictates  the  probe  volume  size,  fringe 
spacing,  and  number  of  fringes  in  the  probe  volume  which  in  turn  determines  the  cali- 
bration factor  of  the  system.  Assume  for  the  moment  that  a frequency  counting  system  is 
used  for  data  processing  and  has  an  upper  frequency  limit  of  200  MHz.  The  v locity  to 
be  measured  is  in  the  500-m/sec  range  and  an  argon  ion  laser  operating  at  a frequency  of 
0.5145  mm  will  be  used.  The  maximum  angle  between  the  beams  is  determined  as 


sin  8/2  max 


(200  X 10®)/sec  X (0.5145  x 10  meters 

^ 

2 X 5 X 10"  m/sec 


0.103 


0 max  = 11.8  deg 

This  angle  is  relatively  large  and  somewhat  impractical;  a separation  angle  of  5 deg  would 
be  a more  judicious  choice.  Using  a lens  of  focal  length  152.4  cm,  the  minimum  lens 
diameter  is  found  to  be  152.4  x 0.0872  or  13.3  cm.  The  dimensions  of  the  probe  volume 
will  be  dictated  by  the  smallest  size  of  the  eddy  in  the  turbulent  flow.  If  the  upper 
limit  of  the  turbulence  frequency  is  v , then  by  Taylor's  hypothesis  the  size  of  the 
eddy  A is 


V max  (6-33) 

using  V = 500  m/sec  and  a turbulent  frequency,  y of  50  )chz  results  in  an  eddy  size  of 
1 cm.  Set  the  desired  probe  volume  length  to  0.5'”3ffi.  The  diameter  of  the  focal  volume 
with  a 0.25  cm  beam  diameter  at  the  last  transmitting  lens  would  be  Eq.  (6-6) 

2b^  = - X 0.5145  X lO"**  x 

On  .25 

= 0.04  cm 


The  probe  volume  length  = 0. 04/sin  5 deg  = 0.46  cm 
The  fringe  spacing  in  the  probe  volume  would  be  Eq.  (3-8) 
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Hence  the  number  of  fringes,  N^,  Eq.  (3-10)  is: 

400 


-4 

=6x10  cm 


= 66  fringes 


More  than  sufficient  for  accurate  measurements  using  the  various  frequency-counting 
techniques.  With  a probe  volume  of  0.04  cm  diameter  and  a velocity  of  500  m/sec  it 
would  taice  a particle  0.8  x 10”°  sec  to  traverse  the  measurement  region.  If  the  processor 
requires  2 x 10”6  sec  before  another  data  point  can  be  accepted  (instrument  dead  time 


included) , and  if  one  particle  is  assumed  to  be  always  in  the  probe  volume,  then  the  data 
acquisition  rate  would  be  approximately  5 x lO^/sec  which  is  well  within  the  Nyquist 
criteria  for  the  50  khz  turbulence  frequency  assumed. 

VII.  STATISTICAL  BIAS  OF  LV  DATA 


A.  Introduction 


With  the  increased  use  of  the  LV  a number  of  potential  sources  of  error  in  the 
interpretation  of  data  have  been  identified  which  are  related  to  the  dynamics  of  particles 
traversing  probe  volume.  From  the  dynamics  of  fluid-particle  interactions  it  has  been 
shown  (Ref.  20)  that  unduly  large  particles  do  not  respond  to  fluid  transients  and  may  lead 
to  significant  errors  in  the  interpretation  of  the  data.  Another  type  of  error  is  concerned 
with  inherent  signal  processing  techniques.  Continuous  wave  systems  rely  upon  frequency 
tracking  electronics  to  monitor  the  wave-form  of  a Doppler  signal  created  by  particulates 
traversing  the  probe  volume.  These  analog  signals  are  subject  to  Doppler  ambiguities  which 
are  attributed  to  the  presence  of  several  particles,  simultaneously,  in  the  probe  volume 
in  addition  to  lateral  and  longitudinal  velocity  gradients.  In  general  the  digital  burst- 
type  electronics  systems  that  have  been  developed  minimize  these  ^unbiguities . It  has  been 
shown,  however,  (Ref.  21)  that  individual  burst-type  processing  systems  are  also  subject 
to  statistical  bias  attributed  to  a finite  sampling  time  in  addition  to  exhibiting  bias 
toward  particles  having  higher  velocities. 

In  the  present  section  the  statistical  bias  that  arises  when  attempting  to 
acquire  the  temporal  mean  of  a collection  of  samples  by  arithmetic  averaging  the  data 
will  be  discussed.  The  conditions  for  which  this  bias  occurs  is  related  to  the  number 
density  of  particulates  in  the  fluid.  When  the  number  density  is  sufficiently  low  and 
the  sampling  frequency  is  less  than  the  velocity  equivalent  frequency  of  the  flow,  no 
bias  occurs.  However,  when  the  number  density  is  high  the  mean  velocity  is  biased  in 
proportion  to  the  turbulent  intensity  of  the  flow.  It  will  also  be  shown  that  the  bias,  in 
determining  the  mean  velocity  and  the  turbulent  intensity,  may  be  eliminated  by  the  use 
of  harmonic  averages  in  conjunction  with  arithmetic  averages.  The  biasing  problem, 
including  particle-gas  dynamic  interactions,  has  been  extensively  treated  (Ref.  22), 
therefore,  only  a brief  summary  of  the  salient  features  will  be  presented  in  this  section. 

B.  Processing  of  Individual  Data  Points 

Depending  upon  the  optical  arrangement  of  a LV  system,  velocities  are  deter- 
mined from  the  Doppler  shift  of  electromagnetic  radiation  scattered  from  a particle  or, 
for  an  interference  system,  the  rate  at  which  the  particle  intercepts  fringes  in  the 
probe  volume.  In  either  case,  the  velocity  of  each  particle  is  related  to  the  detected 
frequency  by  the  relation 
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where  the  subscript  refers  to  the  ith  data  point.  The  proportionality  constant,  5 , is 
given  by 
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For  the  dual  scatter  system  V.  is  the  component  of  velocity 
the  wavelength  of  the  incident  radiation,  f is  the  detected 
included  angle  between  the  two  beams.  As  an  alternative  to 
systems  measure  the  period,  t^,  of  the  signal  so  that 
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Since  the  flow  is  not  generally  steady,  meaningful  results  are  obtained  by 
statistical  averaging  of  the  individual  results.  The  arithmetic  mean  of  data  is  the  most 
direct  measure  of  the  mean  velocity.  For  a collection  of  M samples  of  the  velocity,  V. , 
the  arithmetic  mean  <>  is  defined  by  ^ 
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Introducing  (7-1)  in  (7-4),  it  is  seen  that 

<V>  = 6 <f > 


(7-4) 
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Due  to  the  direct  relation  between  the  mean  velocity  and  frequency 
velocity  may  be  termed  a frequency-averaged  velocity.  Similarly, 
velocity  is  defined  by  „ 
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, the  arithmetic  mean 
the  nth  moment  of  the 
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If  the  sample,  M,  is  sufficiently  large,  the  corresponding  central  moments  of  the  velocity 
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The  concept  of  frequency-averaging  applies  for  the  central  moments  because 
the  relation  to  the  mean  and  moments  of  a frequency  is  retained. 

The  relations  (7-l)through  (7-4) , provide  a consistent  method  for  analyzing 
individual  data  points.  It  is  known  (Ref.  21)  that  if  the  velocity  is  a random  variable 
and  the  number  of  samples  is  large,  the  results  obtained  by  this  procedure  should  provide 
good  estimates  of  the  mean  and  central  moments  of  velocity.  Nevertheless,  it  has  been 
proposed  (Ref.  22  and  23)  that  these  estimates  will  be  biased  because  the  acquisition 
rate  of  the  seunples  is  related  to  the  velocity.  In  an  effort  to  resolve  this  anomaly 
consideration  will  now  be  given  to  the  stimulation  of  the  temporal  mean  of  the  velocity 
by  individual  realization  data. 


C.  Temporal  Average  of  Velocity 

T)je  quantity  one  wishes  to  stimulate  with  an  LV  system  is  the  temporal  mean  of 
the  velocity  V which  may  be  defined  as 
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In  laser  velocimetry,  however,  data  are  not  taken  continuously  since  a particle  will  not  be 
located  in  the  probe  volume  at  each  instant.  Consequently , (7-8)must  be  approximated  by  a 
relation  such  as 
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where  the  interval  between  scunples  is 

At.  = t 
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To  evaluate  the  temporal  mean  requires  a model  for  the  sampling  interval.  A 
general  model  of  the  sampling  process,  however,  would  require  knowledge  of  the  history  of 
each  particle  in  the  flow.  Obviously,  this  degree  of  generality  is  not  practical.  The 
approach  taken,  therefore,  must  be  more  heuristic,  since  knowledge  of  the  instantaneous 
velocities  is  all  that  will  be  possessed  in  most  oases. 

If,  in  the  vicinity  of  the  probe  volume,  the  number  density  of  particles  is 
constant,  and  velocity  changes  in  the  volume  are  strongly  correlated  with  those  immediately 
upstream,  it  may  readily  be  shown  from  the  kinematics  of  a one-dimensional  motion  that  the 
time  interval  between  successive  samples  must  vary  as 
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where  V.  is  the  average  fluid  velocity  over  the  interval, 
noting 
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Introducing  (7-11)  in  (7-10)  and 
(7-12) 


one  obtains  for  the  temporal  mean 
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Regardless  of  the  complexity  of  the  fluid  motion  over  the  interval  At.,  the 
velocity  can  be  represented  by  a series  of  the  form  ^ 
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The  mean  value  over  the  sample  interval  is  then  obtained  by  introducing  (7-14)  in  (7-8)  to 
obtain 

^.  = ^ + Z 


n=l 


Vn  sin  (W^t.  - e„) 


cos  W At . 
n X 


Ati 


+ Z 
n=l 


V cos  (W„  t. 
n n i 


- bj 


sin  W At . 
n “ 1 


" «n  Ati 


(7-15) 


When  W At.>>!  that  is,  if  the  sampling  frequency,  1/  Atj  is  much  less  than  the 
frequency  of  flow  oscillations,  it  follows  that  v.  approaches  the  mean  fluid  velocity, 

For  this  case.  At,  is  essentially  constant  and  the  temporal  and  arithmetic  averages  are 
identical.  While^this  procedure  does  not  prove  that  the  arithimetic  average  is  the  true 
mean  velocity  of  the  flow,  it  should  be  noted  that  long  time  delays  between  samples  destroys 
any  correlation  between  the  instantaneous  velocity  and  the  sampling  rate.  As  a result,  it 
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is  equally  probable  that  a detected  velocity  will  be  greater  or  less  than  the  mean  value. 
It  is,  therefore,  expected  that  the  arithmetic  mean  should  provide  an  unbiased  estimate  of 
the  mean  velocity. 

On  the  other  hand,  if  W At.<<l,  the  seunpling  frequency  is  much  greajie^  than 
the  frequency  of  flow  oscillations.”  Fof  this  case,  it  may  readily  be  seen  that  V.-v,  V.  . 
This  condition  may  be  achieved  by  seeding  the  flow  so  that  the  particle  number  density  is 
very  high  and  the  time  between  realizations  short.  When  the  interval  is  short,  moreover, 
the  temporal  mean  (Eq.  7-9)  should  be  an  excellent  approximation  to  (Eq.  7-8).  It  follows 
from  (Eq.  7-13)  that  the  true  temporal  mean  is  given  by  the  harmonic  average 
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Equation  (7-16)  forms  the  basis  for  the  "statistical"  bias  of  LV  data.  The 
nature  of  this  bias  may  be  more  clearly  understood  if  one  substitutes  (Eq.  7-3)  in  (Eq. 
7-16)  to  obtain 

V = 

(7-17) 

The  harmonic  average  of  the  velocity  data  may  thus  be  interpreted  as  a "period-averaged" 
velocity.  The  period-averaged  and  frequency-averaged  velocity,  (Eq.  7-5)  , are  related 
due  to  the  inverse  relation  between  period  and  frequency.  If  one  notes  that  f^^  = and 
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it  may  be  shown  from  (Eq.  7-5),  (Eq.  7-17),  (Eq.  7-18)  and  the  expansion  of  (1  + X) 
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It  follows  then  that  the  frequency-averaged  velocity  will  yield  higher  mean  values  than 
the  period-averaged  result.  To  determine  the  magnitude  of  this  bias  in  terms  of  the  fluid 
mechanic  parcuneters,  however,  it  is  necessary  to  consider  the  higher  temporal  moments  of 
velocity. 

D.  Magnitude  of  Statistical  Bias 


averages  by 


The  nth  central  moment  of  velocity  may  be  defined  in  terms  of  temporal 
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From  the  binominal  expansion,  one  may  write 
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If  the  sampling  frequency  is  high  (At.  = 1/V.)  so  that  introducing  (Eq.  7*21) 
in  (Eq.  7-20)  and  carrying  out  the  indicated  average  givis 
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Now  the  turbulence  intensity  is  defined  as 
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Setting  n = 2 in  (Eq.  7-22) , one  obtains 
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It  is  seen  that  the  frequency-averaged  velocity  is  biased  in  proportion  to  the  square  of 
the  turbulence  intensity.  This  result  which  agrees  exactly  with  those  of  reference  23 
and  is  plotted  in  Fig.  18.  It  should  be  noted,  moreover,  that  for  the  assumed  conditions 
°v  is  the  "true”  turbulence  intensity  and  equation  (Eq.  7-24)  could  be  used  to  directly 
compute  that  quantity  without  recourse  to  obtaining  central  moments. 

Arithmetic  averaging  of  the  data  li)cewise  must  lead  to  biased  results  for  the 
higher  moments  of  velocity.  For  excimple,  setting  n = 3 in  (Eq.  7-22) , leads  to 
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From  (Eq.  7-7),  (Eq.  7-23),  and  (Eq.  7-25),  one  may  obtain 
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The  turbulence  intensity  obtained  by  arithmetic  averaging  is,  therefore,  biased 
with  respect  to  the  true  value.  For  turbulent  flows,  V ^ is  expected  to  be  small  (Ref. 

24)  since  it  is  related  to  the  s)cewness  of  the  velocity  probability  distribution.  Figure 
19  presents  the  bias  of  the  turbulent  intensity  for  such  a flow  condition.  It  is  seen 
that  arithmetic  averaging  of  the  data  significantly  over  predicts  the  turbulence  intensity. 


VIII.  DATA  PROCESSING 


A.  Introduction 


No  matter  how  skillfully  the  optics  assembly  is  designed  and  constructed, 
the  data  acquisition  and  processing  system  is  the  most  important  component  of  an  LV  system. 
In  the  case  of  aero  engine  development  and  testing,  the  instrumentation  requirements  are 
extremely  demanding.  A lower  frequency  limit  is  on  the  order  of  10  khz  because  of  the 
thermal  motions  of  the  scattering  particles.  The  upper  frequency  limit  for  a 500  m/sec 
flow  is  on  the  order  of  100  Mhz.  The  highly  fluctuating  flow  conditions  that  exist--even 
flow  reversal — pose  an  operational  frequency-response  requirement  of  approximately  -200 
Mhz.  In  addition  the  signal-conditioning  electronics  must  respond  to  the  sudden  frequency 
variations  dictated  by  the  turbulent  flow  conditions  (the  signal  is  frequency  modulated, 
say  at  an  upper  frequency  of  50  khz) . Likewise  the  instrument  should  be  capable  of 
rejecting  noise  signals  while  passing  the  Doppler  information  signals.  For  the  case  of 
a large  number  of  scattering  centers,  the  system  must  not  only  accept  continuous  wave  (CW) 
signals  but  also  signals  undergoing  abrupt  changes  in  amplitude  (the  so-called  signal 
drop-out  condition) . On  the  other  hand  a small  number  of  scattering  centers  dictate  that 
the  electronics  system  must  accept  frequency-burst  signals  having  small  amplitude  infor- 
mation superimposed  upon  large  amplitude  pedestal  voltage  levels.  Furthermore  the 
instrument  should  be  capable  of  furnishing  "on-line"  indications  of  the  instantaneous,  or 
average,  Doppler  frequency  or  velocity.  Finally,  the  output  of  the  signal-conditioning 
electronics  must  be  in  a form  suitable  for  rapid  data  acquisition  and  processing.  The 
stringent  demands  of  the  LV  electronics  requirements  for  aero-engine  development  precludes 
the  use  of  the  many  analog  processing  systems  available  such  as  signal  averagers,  spectrum 
analyzers,  tracking  filters,  etc.  The  candidate  systems  that  meet  these  requirements 
incorporate  direct  frequency  counters  operating  in  conjunction  with  high  speed  data 
acquisition,  storage  and  computing  systems.  Several  of  these  devices,  e.g.,  Doppler  data 
"burst"  type,  real-time  LV  data  analyzer  along  with  several  modifications  of  direct- 
counting  techniques  will  be  described.  Although  the  photon-counting  techniques  could  also 
serve  as  possible  candidates,  the  data  acquisition  rate  as  compared  with  the  real-time  LV 
data  analyzer  is  much  too  low.  A review  of  the  analog  techniques  for  applications  in 
engine  development  is  contained  in  Ref.  25,  and  a review  of  photon  counting  techniques  is 
contained  in  Ref.  26. 

B.  Doppler  "Burst"  Comparator  Counter 

The  so-called  "burst"  type  comparator  counters  that  have  undergone  considerable 
development  (Ref . 8 , 27 , 28)  are  extensively  used  in  many  laboratories.  In  principle  their 
operation  depends  upon  measuring  the  period  of  n cycles  and  m cycles  of  signal  data  and 
then  comparing  these  periods.  If  the  periods  correspond  to  within  a certain  set  percent 
called  a "data  window";  e.g.,  0.5%,  1%,  3%  etc.,  the  data  are  accepted  for  further  pro- 
cessing and  analysis.  If  the  data  do  not  fall  within  the  set  window,  they  are  rejected. 
There  are  numerous  versions  of  the  processor  such  as  4/8,  5/8  and  10/16  etc.,  in  addition 
to  dual  time  interval  counters  where  the  data  have  to  pass  both  comparator  tests.  The 
problem  with  these  counters  is  that  they  are  biased  toward  the  larger  particles  where  good 
S/N  ratios  are  evident.  This  is  readily  shown  in  Fig.  20  where  the  results  of  experiments, 
using  various  comparator  techniques,  were  evaluated  under  poor  S/N  conditions.  In  this 
example  the  S/N  ratio  was  set  at  0.09.  After  1000  data  points  had  been  evaluated  by  the 
various  comparator  conditions  approximately  1%  of  the  data  were  valid.  Of  course  as  the 
signal  quality  improves  so  does  the  data  rate  and  the  number  of  valid  data  points  as 
shown  in  Fig.  21 , for  the  case  of  the  dual  comparator.  Nevertheless  the  data  acquisition 
rate  is  essentially  proportional  to  the  S/N  ratio;  hence,  attempts  are  made  to  maximize 
this  relationship  although  all  of  the  contributing  factors  are  difficult  to  evaluate 
quantitatively. 

C.  Real-Time  Processor 


The  newly  developed  (Ref.  29)  "real-time  processor"  technique  is  a prototype 
that  is  being  used  for  LV  applications.  When  a particle  traverses  the  focal  volume,  it 
cuts  fringes  at  a rate  proportional  to  its  velocity.  The  data  interval  is  measured  when 
the  particle  traverses  the  first  detectable  fringe,  above  a threshold  value,  and  ends 
when  it  traverses  the  third  detectable  fringe.  The  time  interval  for  traversing  the 
three  fringes  is  the  first  data  input  for  the  histogram  to  be  generated.  A second  data 
input  is  acquired  as  the  particle  leaves  the  third  fringe  and  arrives  at  the  fifth  fringe, 
etc.  After  a predetermined  number  of  samples  are  acquired,  a histogram  is  developed.  The 
data  rate  has  been  reported  to  be  on  the  order  of  lO'/sec.  With  data  rates  of  this 
magnitude,  power  spectral  densities  and  turbulent  frequency  measurements  should  be 
realizable,  almost  in  real  time. 

The  analyzer  digitizes  the  LV  "burst"  data  by  counting  clock  pulses  from  a 
150-Mhz  clock  during  the  fringe  crossing  time  interval  (Fig.  22  ) • Two  counters  are 
alternately  counting  and  storing  data  into  a scratch-pad  memory  which  serves  as  a high- 
speed buffer.  The  data  generation  rate  is  one-half  the  LV  burst  frequency;  and  expeditious 
handling  is  required  while  the  burst  signal  is  present.  One  of  the  scratch  pad  memories 
is  receiving  data  from  the  two  counters  while  the  alternate  memory  is  passing  its  data  to 
the  address  lines  of  a histogram-generating  random  access  memory  block.  As  each  successive 
address  is  applied,  the  memory  word  so  addressed  is  incremented  by  one  count.  The 
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resultant  grouped  data  in  the  memory  provides  a histogram  of  the  LV  burst  data.  The 
memory  address  defines  the  velocity  data  cell  number  and  the  stored  word  defines  the 
frequency  of  occurrence  within  a given  cell.  Each  14-bit  word  can  store  up  to  16,384 
samples  per  cell  at  rates  up  to  10  million  samples/sec.  This  provides  for  useful  data 
compression  of  the  large  amount  of  data  being  processed. 

An  auxiliary  CRT  visual  display  has  "on  line"  access  to  the  memory-stored 
histogram  data  being  accumulated.  The  display  is  a condensed  look  at  the  256  x 16,000- 
point  memory  matrix  containing  over  4 million  possible  values.  When  a selected  number 
of  samples  has  been  taken,  the  histogram  is  rapidly  transferred  to  a first-in  first-out 
(FIFO)  buffer  memory  and  the  empty  histogram  memory  is  free  to  resume  data  acquisition. 

The  FIFO  data  in  turn  are  clocked  into  a progreunmable  calculator  for  data  reduction. 

The  calculator  prints  the  histogram  distribution  data  and  computes  the  mean  and  standard 
deviation  of  the  data  set.  Approximately  3 sec  are  required  to  reduce  the  histogram 
data  that  may  contain  up  to  half  a million  samples.  A calculator  controlled  x-y  plotter 
can  be  used  for  plotting  a velocity  profile  of  the  LV  probe  volume  traverse. 

The  determination  of  the  measurement  accuracy  is  complicated  in  actual  test 
environments  since  it  is  almost  impossible  to  have  steady  conditions.  The  technique  was 
evaluated  utilizing  a simulated  Doppler  signal  by  amplitude  modulating  a light-emitting 
diode  with  a function  generator  whose  frequency  can  be  precisely  measured.  The  diode 
posseses  the  required  bandwidth  (10  to  30  MHz)  to  simulate  a frequency  burst.  A photo- 
multiplier tube  acquires  the  signal  from  the  light  emitting  diode.  Background  radiation 
is  produced  by  a noncoherent  light  source  to  provide  sufficient  noise  to  simulate  the 
actual  signal  obtained  in  a test  program. 

A series  of  1,000  histograms,  each  containing  approximately  8,000  samples,  was 
taken  and  the  mean  of  each  sample  series  was  determined.  During  the  sampling  period 
the  amplitude  modulated  light  frequency  was  held  within  -0.05%  of  12  MHz.  The  mean  (X  ) 
of  the  1,000  sample  mean  values  was  calculated  to  be  within  0.05%  of  the  standard 
frequency  and  the  standard  deviation  of  the  distribution  of  the  mean  values  was  found  to 
be  0.07%  of  the  mean  (X  ) . The  data  provided  a 99%  confidence  level  indicating  that  no 
individual  Scunple  mean  Will  depart  more  than  three  standard  deviations  from  the  distri- 
bution mean  or  more  than  0.25%  from  the  standard  test  frequency.  These  data  are  plotted 
in  Pig.  23b.  A similar  distribution  of  the  instrument  sampling  a continuous  sine-wave 
signal  is  also  shown  in  Fig.  23a  for  comparison  purposes.  The  distribution  sample,  where 
the  number  of  samples  per  histogram  was  reduced  from  8,000  to  500  samples,  showed  little 
change  in  the  computed  results  when  the  experiment  was  repeated.  The  reduced  seunple  time 
interval  of  the  smaller  sample  data  group  would  be  significant  only  when  measuring 
turbulence  parameters. 

Another  experiment  was  performed  where  the  velocity  distribution  in  a region 
near  a normal  shock  in  a 30-cm  transonic  wind  tunnel  at  the  Arnold  Engineering  Development 
Center.  The  signals  stemming  from  a dual  scatter,  Bragg  cell,  laser  velocimeter  operating 
in  the  on-axis  backscatter  arrangement  were  processed  simultaneously  by  the  real-time  LDV 
data  analyzer  and  with  the  conventional  "burst"  counter  type  processor  requiring  ten 
consecutively  detected  fringe  crossings  per  sample.  The  best  estimate  of  the  Mach  number 
at  the  shock  was  between  Mach  1.1  and  1.2  resulting  in  an  estimate  of  the  downstream  gas 
velocity  of  between  277  and  310  m/sec.  The  data  in  Fig.  24  show  that  within  only  0.025  to 
0.075  cm  of  the  shock,  the  data  processed  by  the  real-time  analyzer  fall  within  this 
range  of  estimates.  The  conventional-counter-processed  data,  for  the  particular  S/N 
ratio  condition,  lags  the  velocity  for  a distance  greater  than  1 cm  from  the  shock  front. 

The  indications  are  that  the  analyzer  is  processing  signals  from  much  smaller  particles  than 
the  conventional  "burst"  counter.  A theoretical  study  was  performed  to  ascertain  particle 
lag  effects.  The  results  are  shown  in  Fig.  25  where  the  velocity  of  various  size 
particles  is  plotted  as  a function  of  average  distance  from  the  shock  front.  From  the 
data  in  Fig.  25 (Ref.  30)  it  is  estimated  that  the  particle  sizes,  from  which  the  majority 
of  data  were  taken,  appear  to  be  approximately  0.1  ym. 

The  interesting  feature  concerning  the  real-time  system  is  that  there  is  no 
data  rejection  logic  incorporated  into  the  design.  The  particle  lag  effect  is  still 
evidenced  in  the  data  since  a skewness  in  the  velocity  distribution  exists.  In  evaluarting 
the  data  the  mode  value  was  used  to  ascertain  the  mean  value  of  the  gas  velocity  dia«,ri- 
bution  which  reduces,  and  in  some  cases  eliminates,  the  effects  of  particle  lag  (Ref.  30 ) • 
Both  the  mode  and  mean  values  of  the  velocity  distribution  are  compared  with  theory  in 
Fig.  24  . Of  particular  significance  are  the  data  acquisition  rates  of  the  two  techniques. 
The  analyzer  required  0.10  sec  to  acquire  4,000  measurements,  whereas  the  conventional 
"burst"  counter  required  approximately  one  minute  of  sample  time.  The  capability  of  on- 
line visual  display  of  the  analyzer  histogreun,  as  it  is  being  generated  is  a valuable 
asset  not  only  monitoring  the  flow  conditions  but  in  monitoring  the  system  operation  itself. 

D.  Computing  Counter 

Several  additional  straightforward  counting  techniques  are  currently  being 
used  (Refs.  31  through  33)  as  a means  for  processing  the  Doppler  signals.  One  of  the 
techniques  uses  a visibility  processor  (Ref.  34  ) that  measures  the  signal  amplitude 
continuously  throughout  the  burst  cycle.  When  the  scattered  light  intensity  reaches  a 
pre-set  signal  threshold  level,  of  the  photodetector,  the  visibility  processor  triggers 
a computer  counter  thereby  starting  the  counting  cycle.  During  the  ensuing  time-interval 
both  clock  pulses  and  valid  zero  crossings  are  counted.  The  counting  period  ends  on  the 
first  valid  zero  crossing  after  the  signal  level  falls  below  a set  threshold  value.  At 
this  time  the  gate  is  closed  and  the  system  is  re-set  for  the  next,  burst,  data  input. 


Upon  completing  the  counting  cycle  the  frequency  is  determined  by  the  following 
relationship 
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Ng  is  the  number  of  signal  zero  crossings  obtained  during  the  sampling  time,  is  the 
total  number  of  clock  pulses  counted,  and  Fg  is  the  clock  frequency.  A schematic 
illustration  of  the  system  is  shown  in  Fig.  26,  and  the  signal  characteristics,  within 
the  processing  system,  are  shown  in  Fig.  27  . In  the  proposed  arrangement  two-component 
velocity  measurements  are  made  simultaneously  with  particle  size  measurement.  The 
velocities  are  determined  with  HP  5345a  computing  counters  having  a clock  frequency  of 
500  MHz.  The  visibility  processor,  monitoring  the  quality  of  each  zero  crossing  through- 
out the  burst,  triggers  the  computing  counters  after  the  first  valid  zero  crossing  after 
the  threshold  signal  amplitude  value  has  been  attained. 

The  determination  of  the  particle  size  using  interferometric  techniques  has 
been  reported  (Refs.  17,  25,  35  and  36)  and  is  currently  under  development  at  the  AEDC. 

If  the  size  of  the  particle,  traversing  the  fringes  in  the  probe  volume,  is  small  compared 
with  the  fringe  spacing  the  scattered  light  intensity  will  be  proportional  to  the  incident 
light  intensity  through  the  particle's  trajectory.  If  the  size  of  the  particle  is 
comparable  in  size  to  the  fringe  spacing  the  particle  will  partially  overlap  bright 
fringes  even  when  it  is  centered  on  a dark  fringe  and  produce  a burst  signal  as  shown 
in  Fig.  16a.  A larger  particle  traversing  the  seune  path  as  a smaller  particle  might 
produce  a signal  as  shown  in  Fig.  16b.  A still  larger  particle  could  overlap  several 
adjacent  fringes  and  produce  a signal  such  as  shown  in  Fig.  16c.  There  could  also  be  a 
range  of  particle  sizes  where  the  relationship  between  the  a-c  signal  and  d-c  pedestal 
is  such  that  there  would  be  no  signal  detected  as  shown  in  Fig.  17  and  qualitatively 
discussed  in  Section  V-C.  The  conclusion  is  that  the  relative  amount  of  signal-oscillation 
that  modulates  the  d-c  pedestal  is  a function  of  the  size  of  the  particle  relative  to 
the  fringe  spacing — which  has  been  verified  both  analytically  and  experimentally. 

In  the  particle  size-velocity  measuring  system  described  the  data  acquired 
and  processed,  from  both  the  visibility  processors  and  the  computing  counter  electronics, 
are  transmitted  to  a data  acquisition  and  storage  system.  A histogram  may  also  be  acquired 
on-line  on  either  the  particle  size  distribution  or  velocity  distribution  or  any  combination 
thereof  depending  upon  the  type  data  format  desired.  It  has  been  reported  that  the 
application  of  the  direct  counting  technique  can  realize  an  order-of-magnitude  improve- 
ment in  data  acquisition  rate,  over  previous  "fixed-gate"  frequency  counting  techniques 
(Ref.  31). 


The  velocimeter  acquires  information  on  the  flow-field  characteristics, 
including  turbulence,  by  measuring  the  motion  of  particles  in  the  focal  volume.  If  the 
flow  field  possesses  large  velocity  gradients  and/or  if  the  fluid  motion  is  turbulent 
the  particles  will  lag  the  fluid  motion  by  an  amount  proportional  to  the  particle  diameter 
and  density  (Ref.  37  and  38) . Many  studies  of  LV  characteristics  (Refs.  38  and  39) 
considered  the  response  of  particles  to  fluid  transients  to  determine  the  particle  size 
required  to  a specified  flow-field  condition.  The  results  of  one  such  study  (Ref.  30)  are 
shown  in  Fig.  25  for  the  case  of  particles  traversing  through  a shock  front.  If  the 
particles  in  a given  flow  were  of  a single  size  and  chemical  composition,  the  studies 
would  be  sufficient  to  define  the  effects  of  particle  lag  on  the  LV  measurements.  In 
practice,  the  measurements  stem  from  different  types  and  sizes  of  particles  that  traverse 
the  focal  volume  and  the  results  reflect  these  variations. 

In  the  case  where  measurements  are  made  on  the  inherent  impurities  contained 
in  the  atmosphere,  it  is  abvious  that  a wide  range  of  particle  sizes,  shapes  and  composition 
will  be  present.  Because  of  the  particle  size  distribution,  hence  velocity  distribution, 
and  discounting  any  other  errors  or  bias  the  LV  measurements  will  appear  to  indicate  the 
presence  of  turbulence  even  under  perfect  laminar  flow  conditions.  The  magnitude  of  the 
indicated  turbulence  intensity  is  functionally  dependent  upon  (1)  the  velocity  lag  of  the 
particle  traversing  the  probe  volume,  (2)  the  inability  of  the  LV  to  discriminate 
particles  of  a given  size  such  as  in  the  case  of  the  visibility  modification  to  the  S/N 
ratio,  and  (3)  the  size  and  density  distribution  of  the  particles  comprising  the  data  set. 

By  artificially  seeding  the  flow,  attempts  are  made  to  control  the  results  by 
introducing  particles  of  known  size  and  characteristics.  Unfortunately,  even  controlled 
seeding  will  produce  a range  of  particle  sizes  albeit  narrower  than  those  found  in  the 
atmosphere. 


IX.  OPERATIONAL  LV  SYSTEMS 


A.  Introduction 


To  conclude  the  present  introduction  to  the  fundamentals  of  LV  measuring 
techniques  a brief  description  of  operational  installations  for  aero  engine  and  other 
fluid  dynamic  investigations  are  presented.  In  this  respect  it  may  be  affirmed  that  the 
LV  systems  are  being  seriously  adopted  for  effecting  non-instrusive  measurements  of  flow 
fields  where  data  cannot  be  accurately  acquired  by  other  means. 


B.  Engine  Test  Facility  Installation 


In  the  present  section  a few  LV  installations  in  test  environments 
and  the  problems  encountered  will  be  briefly  discussed.  A one  component,  backscatter , LV 
system  was  installed  in  an  altitude  chamber  at  the  AEDC  to  measure  the  exhaust  character- 
istics of  an  operating  aircraft  engine.  A unit  in  such  an  environment  poses  a number  of 
problems  that  must  be  resolved  including  the  extremely  high  radiation  heat  flux, 
and  exposure  of  the  support  structure  to  mechanical  and/or  acoustic  induced  vibrations. 

The  LV  system  therefore  requires  a suitable  isolated  enclosure  to  protect  it  from  the 
environment  even  though  it  does  not  come  in  physical  contact  with  the  hot  exhaust  flow 
from  the  engine.  The  housing  constructed  for  the  LV  unit  had  a capability  of  maintaining 
atmospheric  pressure  while  the  engine  was  altitude  tested.  This  is  a necessary  requirement 
to  prevent  the  electrical  breakdown  of  the  plasma  tube  and  other  high  voltage  components. 

The  system  was  isolated  from  the  localized  aerodynamic  loads  in  the  test  cell  so  that  the 
vibration  would  not  adversely  affect  the  optical  alignment.  The  temperature  in  the  vicinity 
of  the  electro-optical  components  must  be  controlled  to  prevent  thermally  induced  component 
failures  and  sufficient  vibration  isolation  was  utilized  to  preserve  the  integrity  of  the 
system  in  addition  to  maintaining  radiation  alignment.  In  addition,  in  a test  environment, 
oil  and  fuel  spills  are  not  uncommon,  and  attention  had  to  be  directed  to  the  prevention 
of  contamination  that  could  cause  signal  degradation  of  any  exposed  optical  components. 
Figures  28a  and  b are  photographs  of  the  installation.  The  entire  system  is  enclosed  in 
a thermally  insulated  housing.  The  argon  ion  laser  is  shown  on  the  left  side  of  the 
photograph.  An  umbilical  furnishes  the  electric  power  and  coolant  water  for  the  installa- 
tion. The  beam-splitting  blocks  are  located  on  the  top  right  hand  region  of  the  environ- 
ment enclosure.  The  two  beams  traverse  a light  baffle  before  entering  the  transmitting 
lens  in  the  lens  housing  by  means  of  a turning  mirror.  The  focusing  lens  also  serves  as 
a scattered  light  collector.  The  collected  light  is  transmitted  to  a focusing  lens  to  the 
photomultiplier  by  means  of  a turning  mirror  located  at  the  bottom  center  of  the  unit. 

From  thev photomultiplier  tube  the  signal  is  sent,  by  means  of  a preamplifier  and  cabling, 
outside  the  test  cell  to  the  signal-processing  electronics.  To  minimize  the  background 
radiation  a laser  line  filter  (.5145  pm)  was  used.  As  shown  in  both  figures,  considerable 
baffling  and  heat  shielding  is  required  to  minimize  scattered  radiation  entering  the 
detection  system  and  to  reduce  the  heat  load  to  the  velocimeter  enclosure.  A heat  shield 
was  also  placed  between  the  engine  exhaust  and  the  optics  system  to  reduce  the  radiative 
heat  transfer  to  the  optics.  As  can  be  seen  in  Fig.  28b,  the  heat  shield  contains  a port 
through  which  the  transmitted  and  scattered  light  pass. 

Access  to  the  collecting  optics  was  by  means  of  a removable  side  plate  and  the 
entire  system  was  also  accessible  from  a removeable  top  plate  of  the  housing.  All  of  the 
optical  components,  with  the  exception  of  the  transmitting  lens,  were  mated  on  a base 
plate  containing  four  optical  rails.  The  base  plate  was  attached  to  the  remaining  enclosure 
and  onto  the  test  cell  by  means  of  pneumatic  vibration  isolators  located  on  each  of  the 
corners. 

B.  LV  Installation  in  a Plenum  Chamber 

A two  dimensional,  backscattered,  Bragg  cell  unit  was  installed  in  the  plenum 
chamber  of  an  AEDC  transonic  aerodynamic  test  cell  as  illustrated  in  Figs.  29a  and  b.  As 
in  the  previous  installation  a special  housing  was  designed  to  maintain  proper  pressure 
and  vibration  isolation.  Figure  29a  shows  the  LV  system  skeletal  construction.  The 
laser  is  mounted  in  a pressured  structure,  whereas  the  optics  and  electronics  are  mounted 
on  top  without  any  special  environmental  provisions.  Turning  mirrors  were  used  to  keep 
the  package  compact  since  space  was  limited.  In  this  particular  configuration  the 
transmitting  portion  of  the  optics  are  totally  enclosed  in  metal  tubing  to  minimize  the 
possibility  of  scattered  radiation  from  entering  the  collection  system  optics.  Inside 
the  metal  tubing  another  lens  is  mounted  on  a |mall  traverse  thereby  providing  a zoom 
scanning  capability.  It  was  possible  to  scan  -35  cm  from  the  centerline  of  the  tunnel. 

The  entire  unit  was  operated  from  the  control  room  of  the  tunnel.  As  in  the  previous 
case,  the  electronic  processors  and  associated  computing  equipment  were  located  external 
to  the  tunnel  environment. 

C.  Furnace  and  Diesel  Engine  LV 

A two-dimensional  Bragg  cell  system  was  designed  to  be  used  for  probing  an 
EPA  furnace  using  various  fuels.  The  design  of  the  unit  incorporating  both  forward  and 
backscattering  capabilities  is  schematically  illustrated  in  Fig.  28a.  In  this  particular 
design  the  laser  is  mounted  on  a rack  below  the  optics  and  traversing  system.  The  laser 
beam  is  directed  into  the  two  dimensional  Bragg  cell  by  means  of  mirrors  and  a mode 
matching  system  of  optics.  From  the  Bragg  cell,  positioning  mirrors  direct  the  beams  to 
the  focusing  lens  and  then  into  the  furnace  be  means  of  the  output  mirror.  The  back- 
scattered  radiation  is  collected  by  the  mirror  and  reflected  to  the  collecting-transmitting 
lens.  At  this  point  the  scattered  light  is  reflected  by  means  of  another  mirror,  turned 
toward  the  light  collecting  optics  system,  and  directed  to  the  photomultiplier  tube.  A 
photograph  of  the  unit  (Fig.  28b)  shows  tlie  cored  mirror  and  transmitting-collecting  lens. 
This  minimizes  the  probability  of  parasitic  reflections  from  the  transmitting  portion  of 
the  beam  to  the  collecting-detection  system.  A laser  line  filter  in  front  of  the  photo- 
multiplier reduces  the  effect  of  the  noise  stemming  from  the  light  emitted  in  the  com- 
bustion chamber.  The  unit  Iboth  forward  and  backscattered  component  has  operated  quite 
satisfactorily  in  both  oil  and  gas  flames.  The  forward-scattered  portion  of  the  system 
comprises  a traversing  system  that  is  synchronized  with  the  transmitting  traverse  system 
to  guarantee  alignment  between  the  transmitting  and  receiving  optics.  A system  of  this 
same  design  was  also  used  to  make  two  dimensional  velocity  measurements  in  the  combustion 
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chamber  of  a diesel  engine  (Ref.  40).  The  fundamental  problem  that  existed  in  both  the 
experiments  was  to  keep  the  windows  clean  from  soot  and  other  contaminants.  In  the  diesel 
engine  experiment  the  problem  was  more  severe  in  that  window  fogging  occurred  within  a 
few  minutes  after  the  combustion  process  was  initiated. 

X.  CONCLUSION 

In  this  brief  introduction  to  the  principles  of  the  laser  velocimeter  both 
the  reference-  and  dual-scatter  system  have  been  described.  There  are  many  variations 
to  the  concepts,  and  the  individual  research  worker  will  invariably  develop  his  own 
technique  in  accordance  with  the  experimental  program  he  is  pursuing.  The  reference  beam 
system  can  be  effectively  used  in  fluid  flows  containing  a large  number  of  impurities  so 
that,  essentially,  a continuous  signal  is  obtained.  In  this  case  frequency  trackers  and 
similar  analog  techniques  may  be  used  for  data  acquisition  and  processing.  In  the  case 
of  the  more  hostile  environments,  such  as  in  combustion  chambers,  compressors  etc.  the 
dual-scatter  or  Doppler  differential  technique  is  the  preferred  system.  In  this  case 
more  expensive  counting  systems  used  in  conjunction  with  high-speed  data  acquisition  and 
storage  equipment  are  required.  Particularly  in  the  illustrated  case  of  the  real-time 
processor  where  10  million  data  points  and  5,000  histograms  per  second  can  possibly  be 
acquired,  high  speed  computing  equipment  is  a necessary  adjunct  for  the  processing  of 
data. 


In  general  it  is  desirable  to  design  an  LV  system  to  perform  in  the  back- 
scattered  mode  of  operation — the  preferred  orientation.  In  this  mode  of  operation  the 
optical  components  are  rigidly  tied  to  a base  plate  thereby  minimizing  alignment  problems. 
Only  one  window  is  required  for  the  entrance  and  scattered  beams  thereby  facilitating 
modifications  to  wind  tunnels,  combustion  chambers  etc.  The  entire  unit  can  then  be 
mounted  on  a three  dimensional  traverse  system  to  scan  across  a flow  field,  whereas, 
in  the  forward  scatter  mode  of  operation  synchronous  motion  of  transmitter  and  collector 
optics  is  required  to  maintain  alignment — a tedious  task.  However,  one  does  sacrifice 
signal  intensity  in  the  back-scattered  mode  of  operation.  For  a given  particle  size, 
composition  and  velocity  the  intensity  of  light  scattered  in  the  forward  direction  is 
approximately  two  orders  of  magnitude  greater  than  in  the  back-scattered  direction. 

For  this  reason  a relatively  high  powered  laser  is  a dictating  requirement  for  LV  operation 
in  the  hostile  environments  encountered  in  engine  research  and  development.  Details 
concerning  the  scattering  mechanisms,  the  variations  in  light  intensity  as  a function  of 
the  particle  parameters  and  the  peculiarities  exhibited  in  the  scattering  process  is 
beyond  the  scope  of  this  lecture,  however,  good  treatments  to  the  subject  may  be  found 
in  Refs.  3,  4,  25  and  41. 

Despite  the  necessity  for  considerable  care  in  the  design  of  an  LV  system 
the  accelerated  application  of  the  technique  as  evidenced  by  the  myriad  of  symposia  and 
workshops  during  the  past  decade  specifically  designated  to  the  presentation  of  new 
developments  and  applications  of  laser  anemometry  justify  its  application  as  a diagnostic 
tool.  Dr.  Wisler  in  a following  lecture  will  discuss  other  salient  features  of  the 
velocimeter  in  practical  aero-engine  applications. 
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Figure  20.  Test  Data  of  S/N  * 0.09. 
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LASER-TWO-FOCUS  VELOCIMETRY  (L2F)  FOR  USE  IN  AERO  ENGINES 

BY 

R.  SCHOOL 

DFVLR-Institut  fUr  Luftstrahlantriebe, 

Linder  Hbhe,  5 Kbln  90,  W. Germany 


ABSTRACT 

The  fundamentals  of  a new  noninstrusiv  measuring  technique  - the  L2F  method  - are 
reported.  Similar  in  concept  to  the  LDV  system,  this  method  measures  the  velocity  of  a 
fluid  by  utilizing  the  principle  of  light  scattering  of  small  particles  entrained  in  the 
fluid.  However,  a much  higher  laser  light  concentration  is  achieved  in  the  probe  volume 
which  helps  to  overcome  the  difficulty  of  obtaining  measurements  in  regions  of  un- 
favorable signal -to-noi se  ratio,  e.g.  within  the  narrow  blade  channels  of  turbomachines, 
especially  those  of  centrifugal  compressors.  For  this  application  a concentric  backscatter 
measuring  device  was  considered  and  compared  with  an  equivalent  LD-system.  It  can  be 
demonstrated  that  in  principle  the  L2F-method  is  less  susceptible  to  the  injurious  back- 
ground radiation  which  is  generated  from  solid  surfaces  and  in  the  narrow  blade  channels. 

A description  of  an  improved  L2F-velocimeter  suitable  for  use  in  strongly  turbulent 
flows  such  as  those  found  in  turbomachines  is  presented. 

From  a series  of  probability  density  distributions  taken  at  each  measuring  location 
nearly  all  two-dimensional  information  about  the  flow  can  ba  calculated;  e.g.  the  magni- 
tude and  direction  of  the  mean  flow  vector,  the  turbulence  intensities,  Reynold's  shear 
stresses,  etc.  Measurement  errors  and  their  possible  correction  are  discussed  and  the 
measuring  accuracy  is  demonstrated  in  windtunnel  tests. 

To  apply  the  L2F-ve1ocimeter  to  turbomachines  requi res  several  additional  pieces  of 
equipment.  A particle  seeding  device  to  increase  the  number  of  particles  for  the  purpose 
of  reducing  the  measuring  time,  a traversing  and  time  delaying  unit  for  positioning  of 
the  probe  volume,  and  a window  cleaning  device  are  described  and  the  experiences  of  ope- 
rating the  L2F-ve1ocimeter  are  reported.  Furthermore  some  results  of  L2F-measurements , 
carried  out  in  a transonic  axial  and  a highly  loaded  radial  compressor  are  submitted  and 
discussed . 

NOMENCLATURE 

meridional  impeller  channel  width 
meridional  component  of  absolut  velocity 
diameter  of  holes  within  the  L2F-arperture 
window  diameter 
diameter  of  lense  system  L2 
particle  diameter 
velocity  function 
mean  value  of  velocity  function 
focal  length  of  lense  LI 
focal  length  of  lense  system  L2 
axial  length  of  the  L2F-probe-vol ume 
1 enses 
Mach-number 
mass  flow 

index-of-refraction  of  particle  material 
rotational  speed 
design  speed 

probability  density  functions 
scattered-light  power  of  a single  particle 
background  radiation  power 
scattering  efficiency  of  a single  particle 
beam  radius  at  the  probe  volume 
beam  spacing  within  the  L2F-probe-vo1 ume 
meridional  shroud  contour  length  from  inlet  to  outlet 

turbulence  intensities 
blade  spacing 

time  difference  needed  from  particles  for  passing  the  two  beams  in  the 
L2F-probe  volume 
amount  of  velocity  vector 
mean  value  of  velocity 

velocity  vector 

amount  of  velocity  component  in  the  plane  perpendicular  to  the  beam  axis 
velocity  fluctuation  component  in  the  direction  of  the  mean  flow  vector 
optically  measured  velocity 

velocity  calculated  from  temperature  and  pressure  measurements 
tip  speed  at  impeller  outlet 
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v'  velocity  fluctuation  component  perpendicular  to  the  mean  flow  direction 

w rel  atl  ve  vel  ocl  ty 

X distance  of  a scattering  solid  surface  with  respect  to  the  probe  volume 

^ position 

X local  vector 

x/Sjj,  relative  meridional  shroud  contour 

y/H/2  dimensionless  coordinate  of  the  tube  width 

y/t  relative  blade  spacing 

z/b  relative  meridional  channel  width 


o direction  of  flow  velocity  components  in  the  plane  perpendicular  to  the  beam 

axis 

Aa  angle  range  defined  by  the  finite  size  of  the  beams  in  the  L2F-probe- vol ume 

8 relative  flow  angle 

e magnitude  of  outstanding  edges  caused  by  flat  windows  and  curved  casings 

tc  error  of  beam  spacing 

(p  angle  of  particle  velocity  with  respect  to  the  focal  plane 

X vacuum  wave  length  of  light 

Hq  scattering  efficiency  of  a solid  surface 

n.  cone  angle  limiting  the  spatial  angle  of  scattered  light  observed 

radius  of  casing 

e crossing  angle  of  the  beams  in  the  LD-probe  volume 


1.  INTRODUCTION 

Future  research  and  development  work  on  turbomachines  Is  dependent  upon  the  experi- 
mental investigation  of  flow  phenomena  within  the  blade  channels  of  the  rotors.  The 
recently  developed  non  contiguous  optically  based  velocity  measurement  techniques  offer 
us  today  methods  for  conducting  such  Investigations. 

Using  the  well  stabllshed  Laser  Doppler  technique,  flow  velocity  measurements  often 
become  difficult  In  high  speed  turbomachinery  because  of  the  unfavourable  test  conditions. 
This  Is  especially  true,  when  In  addition  to  the  high  speed  problems  the  flow  channels  are 
very  narrow.  Often  strong  background-radiation  is  generated  by  laser  light  reflections  at 
the  hub  and  at  the  casing  windows  rendering  any  measurements  more  difficult. 

However,  It  has  been  possible  to  overcome  these  problems  at  least  In  some  turbo- 
machinery applications.  The  first  report  was  published  by  Wisler  and  Mossey  (General 
electric)  [1]  In  1972.  They  developed  a Laser  Doppler  Velocimeter  (LDV)  for  use  In  a 
transonic  fan.  A recent  paper  by  Wisler  [2]  describes  the  application  of  the  same  basic 
technique  to  map  the  local  velocity  and  to  determine  the  shcck  wave  locations  within  a 
high  speed  fan  rotor. 


Measurements  of  a similar  nature  have  been  carried  out  by  Pratt  4 Whitney  Aircraft. 

As  reported  by  Walker,  Williams  and  House  (3],  a two-component  LDV  was  used  to  measure 
flow  velocities  and  dtermine  shock  locations  in  an  experimental  transonic  compressor 
blade  row.  Also  In  a research  compressor  Boutler,  Guy  Fertin  and  Larguier  [4]  performed 
measurements  of  the  periodic  flow  downstream  the  rotor  blades  and  Seasholtz  [5]  describes 
work  going  on  at  the  NASA  Lewis  Research  Center  to  make  LDV  measurements  in  axial  turbine 
rotors . 


These  important  papers  have  presented  valuable  results  of  turbomachinery  flows  how- 
ever they  also  mention  the  difficulties  encountered  1r  r.axlng  measurements  In  regions 
which  are  located  less  than  about  10  mm  from  solid  surfaces.  The  relatively  large  dimen- 
sions of  the  LDV  probe  volume  may  Introduce  additional  p’oblems,  when  used  In  high  speed 
turbomachinery  applications. 

Because  of  the  rather  large  dimensions  of  the  machines  being  examined  these  restric- 
tlones  were  not  so  severe.  However  In  small  machines  or  In  the  outlet  part  of  centrifugal 
Impellers  operating  at  high  speeds  the  already  mentioned  limitations  make  measurements 
very  difficult. 

Sln.e  the  frequency  limit  of  LDV  electronics  Is  mainly  responsable  for  this  drawback, 
•unstadler  and  Dolan  [6]  designed  LDV-el ectroni cs  which  work  up  to  about  150  MHz.  In  that 
way  the  probe  volume  diameter  could  be  decreased  and  measurements  closer  to  a scattering 
■all  became  possible.  Results  of  flow  research  at  the  Inlet  of  a small  high  speed  centri- 
'jaa'  Impeller  and  behind  the  rotor  are  reported. 

H72  the  OFVLR  Institut  of  Airbreathing  Engines  started  the  development  of  a new 
velocimeter  system  for  use  In  the  study  of  high  mach  number  turbomachinery  flows 
..  • i-'ievs  very  much  from  usual  LDV's.  The  fringe  pattern  In  the  probe  volume  is  re- 

> v«  Of  %mo  discrete  light  beams,  thus  creating  a light  gate.  It  was  supposed  that  the 
a*»'  'xtenslty  concentration  In  the  probe  volume  could  be  used  to  overcome  the 
•*.  applicability  In  turbomachines.  The  basic  Idea  of  such  a time  of  flight  anemo- 
-''«d«ced  by  Tompson  [7],  Mesch  [8]  and  Tanner  [9].  As  Tanner's  method  was 
'a  appi 'cation  In  low  turbulent  flows  It  was  necessary  to  Improve  It  for  use 
•■•a  • ••'V  ’his  development  led  to  the  Laser-Two-Focus  (L2F)  velocimeter  (ref. 

■ewh  can  be  used  In  any  turb'lent  flows  to  measure  the  magnitude  and 
• * •••  •■an  velocity  as  well  as  the  turbulence  Intensities  and  the  Reynold's 

. • »•  a'ane  perpendicular  to  the  beam  axis. 
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2.  PRINCIPLES  OF  TANNER'S  TIME  OF  FLIGHT  ANEMOMETER 

Like  the  Laser-Doppler-Technique  the  Time  of  Flight  anemometer  measures  the  velocity  i 

of  small  light  scattering  particles  usually  present  in  the  fluid. 

Fig.l  illustrates  the  construction  of  this  optical  arrangement  which  resembles  that 
of  the  Doppler  procedure.  The  incident  laser  beam  is  split  in  two  by  a beam  splitter.  The 
beams  are  sent  forth  at  such  an  angle  with  respect  to  one  another  that  they  cross  at  the 
focal  point  of  the  subsequently  placed  lens  Li.  As  a result,  the  beam  axes  leave  the  lens 
parallel  to  one  another  whereas  the  parallel  beams  are  focused  on  the  other  focal  plane 
of  lens  Lj.  As  illustrated  by  Fig.l  in  enlargement,  two  parallel  beams  are  formed  each 
of  which  Ts  highly  focused  in  plane  MV  (the  focal  point  of  lens  Li)  such  that  the  desired 
"light-gate"  is  created.  In  order  to  assure  sufficient  space  between  the  optical  apparatus 
and  the  measuring  sector  a second  lens  system  L^  is  interposed  between  L^  and  the  flow 
channel  to  increase  the  distance  to  the  desired  length. 

For  a more  exact  examination  of  the  conditions  at  the  point  of  measurement  (see  detail 
Fig.l  and  Fig. 2)  it  may  be  observed  that  both  beams  in  cross-section  have  - as  a result 
of  the  focusing  - a converging  diverging  character.  The  diameter  of  the  beams  at  their 
narrowest  point  is  limited  by  diffraction  and  the  spherical  aberration  of  the  lenses.  In 
the  present  set-up  this  diameter  is  about  10  um  which  makes  it  many  times  smaller  than 
that  of  the  usual  Doppler-crossed  beam  techniques.  This  gives  a laser  light  concentration 
in  the  measuring  sector  which  is  about  one  hundred  times  greater  than  otherwise  possible. 

The  distance  between  the  two  beams-shown  in  Fig.l  - is  between  0.3  and  0.5  mm.  The  axial 
depth  within  which  the  photodetector  is  capable  of  receiving  particle-scattered  light, 
depends  on  the  intensity  distribution  of  the  laser  beams  around  the  measuring  (focal) 
plane  and  on  the  spatial  resolution  of  the  receiving  optical  equipment.  It  can  be  limited 
to  about  + 0.5  mm. 

A particle  passing  through  both  the  light  beams  in  the  measuring  sector,  along  the 
focal  plane,  produces  then  two  successive  pulses  of  scattered  light.  Given  the  distance 
between  the  two  laser  beams,  the  time  elapsed  between  the  pulses  yields  the  velocity  of 
the  flow  perpendicular  to  the  optical  axis  - at  300  m/s  about  2 us.  In  order  to  register 
this  double  pulse  it  is  necessary,  however,  that  the  plane  formed  by  the  two  laser  beams 
is  parallel  to  the  flow  direction.  Consequently,  it  is  possible  to  determine  the  flow 
direction  once  the  plane  of  the  beams  has  been  established. 

However,  e.g.,  in  turbulent  flows,  not  every  particle  entering  the  probe  volume  will 
meet  both  laser  beams  and  emit  a scattered-light  double  pulse.  Moreover,  two  succeeding 
light  pulses  - necessary  for  the  time  measurement  - may  be  generated  by  two  different 
particles.  But  those  measurements  yield  useless  time  interval  data  which  are  randomly 
distributed  along  the  time  axis.  Only  the  time  interval  of  useful  double  pulses  as  they 
are  actually  produced  by  single  particles  which  pass  both  laser  beams  has  an  eminent 
probability  as  long  as  the  mean  distance  between  two  succeeding  particles  is  just  larger 
than  the  laser  beams  distance  in  the  probe  volume.  For  the  chosen  beam  distance  of  0.5  mm 
there  are  no  limitations  in  any  real  flows  including  seeding. 

A simple  way  of  determining  the  time  interval  between  the  two  scattered-light  pulses 
is  to  use  a storage  oscilloscope  as  proposed  by  Tanner. 

Fig. 3 shows  a typical  oscillogram  of  the  double  pulses  which  are  superimposed  on  the 
storage  screen.  The  distance  between  the  two  peaks  yields  the  time  interval  between  the 
scattered-light  pulses  from  which,  given  the  spatial  distance  between  the  beams,  the 
average  flow  velocity  perpendicular  to  the  optical  axis  can  be  evaluated.  This  simple 
timing  method  was  used  for  measurements  carried  out  in  a subsonic  and  a supersonic  wind 
tunnel  under  exploitation  of  the  weak  back-scattering  of  particles.  The  results  published 
in  ref. (11)  demonstrate  that  - even  by  employment  of  a 5 mW  laser  - the  weak  back- 
scattered  light  of  natural  dust  particles  in  filtered  air  generates  sufficient  signal 
quality  to  measure  flow  velocities  higher  than  Mach  2.  The  measuring  error  was  about  1.5X 
and  the  flow  angle  resolution  about  + 1°. 

However,  this  simple  method  is  only  suited  to  determine  the  mean  flow  vector  not  the 
turbulence  intensities.  Furthermore  it  must  be  pointed  out,  that  - as  a great  disadvantage  - 
Tanner's  method  works  only  in  low  turbulent  flows.  Because  of  the  often  higher  turbulence 
intensities  found  in  turbomachines  this  limitation  cannot  be  tolerated. 

3.  LIMITING  CONDITIONS  IN  TURBOMACHINES  WITH  REGARD  TO  THE  APPLICATION  OF 

OPTICAL  VELOCIMETERS 

Due  to  the  very  complicated  geometrical  conditions  in  turbomachines  one  is  constrained 
in  applying  an  optical  backscatter  arrangement.  Thus,  only  the  weak  backscattered  intensi- 
ty of  small  particles  can  be  employed  by  the  photo-detectors  leading  to  low  signal 
ampl i tudes . 

To  measure  the  high  velocities  found  within  blade  rows  very  small  particles  are  re- 
quired to  insure  that  they  follow  the  real  streamlines  closely  so  that  they  provide  an 
accurate  measurement  of  the  fluid  velocity.  This  is  especially  important  in  flows  which 
contain  large  gradients  or  shock  waves.  These  submicron  particles  should  have  diameters 
below  0.5  pm.  Unfortunately  these  small  particles  only  scatter  very  weak  intensities  of 
1 ight. 


The  most  important  restriction  on  the  application  of  laser  velocimeters  in  small  tur- 
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bomachlnes  Is  the  background  radiation  generated  by  laser  light  reflections  at  the  hub 
and  at  the  casing  windows.  Its  order  of  magntude  Is  usually  from  10°  to  10^  times  higher 
than  the  scattered-light  of  particles.  If  It  Is  possible  to  chose  a large  angle  of  obser- 
vation with  respect  to  the  axis  of  the  Incident  laser  beams  one  has  a good  chance  to 
suppress  the  background  radiation  by  spatial  filtering.  But  especially  In  centrifugal 
machines  such  arrangements  cannot  be  employed.  It  Is  necessary  to  have  only  one  casing 
window  for  both  the  Incident  laser  beams  and  the  observed  scattered  light  beam.  This 
window  should  be  flat  so  that  It  will  not  be  restrictive  In  positioning  the  probe  volume. 
Flat  windows  Installed  In  the  generally  highly  curved  turbomachinery  casing  generate  pro- 
jecting edges  which  should  be  small  to  avoid  flow  disturbances.  Fig. 4 lllustrats  this  con- 
ditions. The  width  of  the  protruding  edge  Is  e,  the  radius  of  casing  Is  p/\.  Dp  defines  the 
window  diameter  and  H the  blade  height  from  hub  to  tip. 

Taking  In  account  different  types  of  turbomachines  It  was  found  that  for  the  most  cri- 
tical measuring  point  close  to  the  hub  a cone  angle  of  less  than  Ql  “ - when  used  simul- 

taneously for  the  Incident  and  scattered  light  - Is  required  to  avoid  edges  with  e greater 
than  0.2  mm.  Due  to  this  small  spatial  angle  It  Is  very  difficult  to  suppress  the  men- 
tioned background  radiation. 

As  a result  a confocal  backscatter  arrangement  of  an  optical  anemometer  should  be 
chosen  as  the  best  possible  compromise  under  these  limiting  conditions. 


4.  COMPARISON  OF  CONFOCAL  BACKSCATTER  SET  UPS  OF  A LASER  DOPPLER  AND  A TIME  OF  FLIGHT 
ANEMOMETER  WITH  RESPECT  TO  THE  INFLUENCE  OF  BACKGROUND  RADIATION 


A calculation  of  the  Influence  of  background  radiation  on  Laser  Doppler  and  time  of 
flight  anemometers  was  performed  considering  two  very  similar  optical  set  uos. 

Fig. 5 shows  the  Laser  Doppler  set  up.  The  observation  cone  angle  of  Ol  ° 10°  corresponds 
to  turbomachinery  limitations.  Taking  into  consideration  a 50  MHz  frequency  limit  of  LDV 
electronics  and  500  m/s  as  a maximum  of  measurable  flow  speed  the  beams  crossing  angle  0 
Is  calculated  to  2.9°.  Furthermore  a beam  diameter  2rg  » 0.2  mm  results  assuming  20  frings 
In  the  probe  volume.  To  reduce  the  background  radiation  extensively  an  arpertureO.2  mm  in 
diameter  is  placed  In  front  of  the  photomultiplier.  This  diameter  corresponds  to  the  dia- 
meter of  the  beams  In  the  probe  volume  - the  Imaging  scale  Is  1 : 1.  A working  distance 
of  fg  • 300  mm  was  arbitrarily  chosen. 

To  study  the  Influence  of  background  radiation  It  was  assumed  that  the  arpeture  Is 
figured  into  the  probe  volume.  At  a certain  distance  x from  the  probe  volume  a solid  sur- 
face Is  placed  which  scatters  the  incident  laser  beams  Into  the  observation  optics.  As  x 
Is  much  smaller  than  f^  the  optics  gather  the  background  light  nearly  by  a constant  cone 
angle  of  Ol  ' 10°. 

However,  the  arperture  cuts  off  a certain  part  of  this  light  so  that  the  observed 
background  radiation  decreases  as  x Increases. 

A similar  optical  set  up  for  a time-of-fl Ight  anemometer  suitable  for  use  In  high 
speed  flow  research  is  shown  in  Fig. 6.  The  observation  cone  angle  Is  also  10°,  the  dis- 
tance of  the  beams  In  the  probe  volume  Is  0.4  mm  and  their  diameters  2rq  • 0.012  mm.  The 
double  hole  arperture  in  front  of  the  photomultiplier  has  diameters  of  d^  • 0.030  which 
are  somewhat  greater  than  the  beams' diameter  to  make  adjustments  easier.  Again  the  arper- 
ture Is  assumed  to  be  figured  Into  the  probe  volume  for  a simpller  understanding  of 
background  radiation  reduction. 

A measure  of  the  influence  of  background  radiation  Is  the  ratio  of  the  scattered- 
light  power  P$  of  a particle  and  the  observed  background  radiation  power  Pg.  Calculations 
of  this  ratio  have  been  carried  out  under  the  following  assumptions: 

1.  The  distance  x Is  small  compared  to  f^ 

2.  All  the  scattered  light  which  passes  through  the  lenses  strlks  the  photomultiplier 
cathode.  The  entire  area  of  the  lense  is  used  to  transmit  the  backscattered  radia- 
tion although  In  actual  applications  the  central  portion  cannot  be  used  since  It 
Is  occupied  by  the  Incident  beams. 

3.  The  solid  surface  scatters  the  Incident  laser  light  homogeneously  Into  the  space 
angle  2tt. 


The  resulting  equation  for  the  power  ratio  of  the  LD  system  Is: 

and  the  corresponding  equation  for  the  T.O.F.  anemometer  Is 

,2 


(1) 


n„  P IT 


(2) 


■°  " •'o’  ^ 

Is  the  scattering  efficiency  In  backwards  direction  with  respect  to  the  observation 
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cone  of  10°,  n„  describes  scattering  efficiency  of  the  solid  surface  and  dp  the  particle 
diameter.  The  °formu1ars  demonstrate  the  strong  dependency  of  this  ratio  oh  the  beam  radius 
rp  in  the  probe  volume  and  on  the  diameter  d^^  of  the  arperture. 

For  the  following  data:  dp  ■ 0.5  pm,  the  wavelength  of  light  X « 0.5  pm,  the  particles 
index  of  refraction  mp  • 0.5  '^the  scattering  cross  section  of  such  particles  was  found  to 
be  Qq  • 10*^.  Assuming  a solid  surface  scattering  efficiency  of  no  * 0.01  the  power  ratio 
L 

was  calculated.  The  results  are  shown  in  Fig. 7. 

The  minimal  allowable  distance  x of  a scattering  surface  form  the  probe  volume  can  be 
estimated  by  setting  P$  • Pg-  This  limiting  value  is  found  to  be  62  mm  for  the  LO-system 
and  1.2  mm  for  the  time  of  flight  system.  The  superiority  of  the  time-of-f 1 i ght  system  is 
mainly  due  to  the  much  smaller  beam  diameters  in  the  probe  volume  and  to  the  additionally 
smaller  arperture.  If  the  inner  part  of  the  lenses  is  excluded  from  collecting  light  the 
limiting  distances  can  be  decreased  in  both  cases,  but  the  comparable  ratio  remains  un- 
changed. Although  the  time  of  flight  system  has  this  advantages  the  problem  remains  that 
it  only  works  under  flow  conditions  with  low  turbulence.  How  to  overcome  this  restriction 
is  part  of  the  following  description. 

5.  STATISTICAL  ANALYSIS  OF  TURBULENT  FLOWS 

A stationary  turbulent  flow  field  can  be  expressed  by 

il  • u(x.t)  (3) 

or  in  carthesian  coordinates 

°1  * 0 j ( X j , X 2 , X 2 , t ) 

U2  * u 2 ( X 2 , X2 , X 2 , t ) (4) 

Uj  ■ u 2 ( X 2 , X 2 , X 2 , t ) . 

Usually  the  time  dependence  of  flow  vector  variations  is  very  irregular  so  that  it  can- 
not be  related  by  any  time  functions.  Therefore  mean  values  of  the  flow  parameters  are 
required  to  describe  the  most  probable  flow  field. 

In  the  theory  of  probability  u(x)  is  considered  to  be  a random  variable  and  the  proba- 
bility density  function  p(iJ,x)  is  used  to  describe  the  turbulent  flow  field.  The  ex- 
pression p(u2>U2>U2»X2>X2,X2)du2,  du2>  du2  Is  equal  to  the  probability  that  at  a certain 
location  the  velocity  componentstake  values  of  U2+dU2»  U2+du2  and  U2+dU2. 

To  calculate  the  mean  value  of  any  a function  F(u)  which  is  also  considered  to  bearan- 
dom  variable  the  space  integral  ^ 

f(x)  " 111  P(u»x)  dup  du2,  du2  (5) 

• 00 

can  be  applied,  but  only  if  the  condition  of  normalization 


III  p(u,x)  du  • 1 (6) 

• 00 

is  true. 

The  probability  density  function  contains  all  information  about  the  flow  field  except 
its  time  dependence.  By  the  inserting  the  appropriate  function  F(3)  into  the  integral  the 
mean  values  of  the  flow  vectors,  the  turbulence  intensity  the  Reynold's  shearstresses , 
the  skewnesf actors , etc.  can  be  calculated. 

, Transforming  equation  (5)  into  cylindrical  coordinates  yields 

P(x)  • 111  F(u)  p*(Uj.,o,U2,X2  ,X2.X2)Ui  dUi.  da  du2  (7) 

0 0 -«0 

if  the  velocity  components  in  cylindrical  coordinates  are 

u ■ u(ux  cosa,  u^  sina,  U2). 

Restricting  oneself  to  functions  F(u)  which  are  only  defined  in  the  plane  perpendicular 
to  U2  - F(ij)  • F(ux.a)  - a transformation  of  equation  (7)  yields 

<»  JTT 

f(h  - 1 1 F(Ui,a)  p**(Ui  ,o,X2,X2,X2)  u^  da  duj,  (8). 

0 0 

p**  is  the  integrated  probability  density  function  p*,  which  now  contains  only  the  in- 
formation about  the  flow  parameters  defined  in  the  plane  perpendicular  to  U2> 

It  is  maintained,  that  p**  ( Ui.,a,X2 ,X2 ,X2)  can  be  measured  by  a time  of  flight  ane- 
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mometer  or  as  It  was  later  called  the  Laser-Two-Focus  (L2F)  veloclmeter . 

At  a certain  measuring  point  x • x(x^,X2iXj)  p**(x)  Is  a two-dimensional  function 

p*»(x)  - p**(Ui,a).  (9) 

Due  to  the  flow  turbulence  the  flow  vector  varied  In  Its  magnitude  as  well  as  In  Its 
direction.  If  the  plane  containing  the  two  beams  of  the  L2F-ve1oc1meter  Is  assumed  to  be 
approximately  aligned  with  the  flow  direction  only  particles  which  have  this  direction 
will  be  selected  for  measurements.  Measuring  the  amount  of  velocity  of  a certain  number 
of  particles  entering  the  probe  volume  that  leads  - due  to  the  velocity  fluctuations  - 
to  a probability  histogram  as  a function  of  u^.  Because  the  axial  length  of  the  probe 
volume  Is  orientated  along  the  coordinate  U3  the  velocity  component  of  all  particles  In 
the  plane  perpendicular  to  the  optical  axes  are  measured. 

In  this  way,  the  measured  histogram  Is  already  Integrated  over  the  velocity  component 
“3- 

By  setting  the  plane  containing  the  beams  to  other  slightly  different  angles  and  by 
counting  the  same  number  of  particles  entering  the  probe  volume,  more  velocity  histo- 
grams can  be  measured  as  long  as  the  chosen  setting  angles  of  the  plane  are  within  the 
range  of  the  velocity  angle  fluctuations.  This  yields  a two  dimensional  probability 
histogram  comparable  to  the  probability  density  function  of  equation  (9).  From  equation 
(8)  which  should  be  transformed  from  an  Integral  to  a summation  form  the  desired  mean 
values  can  then  be  calculated. 

This  treatise  should  demonstrate,  that  the  L2F  method  has  the  capacity  to  measure 
also  In  high  turbulent  flows  If  one  operates  It  In  the  above  mentioned  manner.  To  turn 
the  plane  containing  the  beams  a special  construction  of  the  optical  beam  path  Is  re- 
quired and  In  addition  a suitable  arrangement  of  data  processing  electronics  must  be  pro- 
vided for  the  measurement  of  velocity  histograms. 

[ 6.  THE  CONCEPTION  OF  THE  L2F-VEL0CIHETER 

6.1  Optical  Set  Up 

To  apply  a veloclmeter  to  turbomachines  a solid  construction  Is  requred  to  make  It 
i Insensitive  to  vibrations  and  for  easy  In  handling  It.  The  optical  beam  path  should  not 

, Include  too  many  optical  components  to  keep  the  laser  light  losses  as  small  as  possible. 

Furthermore  any  slight  misalignment  of  the  Initial  laser  beam  should  not  alter  the  beams 
distance  or  the  position  of  the  probe  volume. 

The  arrangement  of  the  final  L2F-set  up  Is  Illustrated  schematically  In  Fig. 8.  A po- 
larization prism  - Rochon  prism  - Is  used  to  split  the  Initial  laser  beam  (detail  A) 
whose  middle  Is  located  at  the  focal  point  of  the  Immediately  following  lens  Lj. 

As  a result,  the  beam  axes  leave  the  lens  parallel  to  one  another  whereas  the  parallel 
beams  are  focused  on  the  other  focal  plane  of  lens  L,.  As  shown  In  Fig. 8 - detail  A - two 
parallel  beams  are  formed,  each  of  which  Is  highly  focused  In  the  focal  point  of  lens  Li 
so  that  the  desired  “light-gate"  is  created.  In  order  to  assure  sufficient  space  between 

the  optical  apparatus  and  the  measuring  sector,  a second  lens  complex  L2  Is  Installed  to 

Increase  the  distance  between  the  probe  volume  and  the  apparatus  to  the  desired  length. 

The  same  lens  system  L2  also  picks  up  the  back-scattered  light  and  forms  two  discrete 
light  bundles  which  are  deflected  by  a flat  mirror  Into  the  observation  plane  of  a micro- 
scope optics,  where  - corresponding  to  the  laser  beams  In  the  measuring  volume  - two 
scattered  light  beams  of  very  small  diameter  occur.  By  means  of  the  microscope  optics, 
these  two  beams  may  now  be  enlarged  and  projected  on  a double  hole  aperture.  The  following 
optics  align  each  of  the  laser  beams  to  a photomultiplier.  The  purpose  of  enlargement  Is 
to  allow  an  exact  adjustment  of  the  aperture  holes  In  order  to  minimize  any  background 
radiation  received  by  the  lens  system  L2. 

The  use  of  two  photomultipliers  - one  to  deliver  the  start  pulse  and  the  other  the 
stop  signal  - effects  several  advantages. 

First  the  Influence  of  background  radiation  is  reduced  by  a factor  of  two  since  one 
photomultiplier  only  observes  the  radiation  being  generated  by  one  beam  while  the  signal 
amplitude  remains  constant. 

Second  the  probability  of  measuring  useless  double  pulses  Is  decreased  since  only  a 
particle  passing  the  first  beam  enables  a measuring  event  to  be  started. 

And  third,  the  two  photomultiplier  arrangement  allows  the  detection  of  the  sign  of  the 
velocity  direction. 

‘ To  carry  out  measurements  Inside  the  rotating  blade  channels  tri gger  optics  are  1n- 

I stalled  to  switch  the  laser  beam  periodically. 

I As  already  mentioned  the  plane  containing  the  two  laser  beams  must  be  turned.  This  Is 

accomplished  with  a rotation  of  the  Rochon-prism  and  a synchronized  turning  of  the  dual 
hole  aperture,  while  the  respective  position  Is  Indicated  by  use  of  a potentiometer. 

Some  considerations  of  the  dimensions  of  the  two  beams  In  the  probe  volume  are  ne- 


cessary.  Fig. 9 shows  an  enlarged  view  of  the  probe  volume. 

2 

The  contour  of  the  laser  beams  Is  defined  at  the  1/e  -point  of  Intensity  distribution 
Inside  the  laser  beams.  Due  to  the  focusing  of  the  beams  a minimum  diameter  of  2ro  results 
at  the  probe  volume.  To  achieve  a sufficiently  high  Intensity  concentration  this  diameter 
should  be  very  small.  It  was  chosen  to  be  12.8  um.  The  axial  length  1 of  the  probe  volume 
depends  on  focussing.  If  one  defines  It  at  the  location  where  the  beam  diameter  Is  double 
the  minimum  diameter,  the  length  1 can  be  calculated  to  be  0.88  mm. 

Usually,  the  velocity  vector  u Is  not  aligned  In  the  plane  perpendicular  to  the  beam 
axis.  To  measure  Its  velocity  component  with  respect  to  this  plane  a particle  crossing 
the  beams  at  an  angle  of  tp  (s. Fig. 9a)  must  be  detectable.  If  g>  Is  set  to  be  4-  45°  this  re- 
quires a beam  distance  S smaller  than  1/2.  With  a choice  of  S > 0.4  mm  all  dTmenslons  are 
fixed . 


Due  to  the  cylindrical  shape  of  the  laser  beams  a systematical  error  Is  Introduced 
which  effects  the  beam  spacing.  Fig. 8b  shows  this  situation.  A particle  passing  the  beams 
centers  travels  a distance  S.  8ut  If  It  tangentially  touches  the  beams  as  Illustrated  In 
Fig. 9b  the  distance  travelled  Is  S'.  These  two  distances  are  related  by  the  equation: 

S'  ■ S cos  arc  sin  (10) 

Instituting  the  beam  dimensions  the  error  c,.  was  calculated: 

S - S'  2r- 

€5  » » 1 - cos  arc  sin  (11) 

A value  of  about  0.001  results  which  Is  small  enough  to  be  considered  negligible. 

6.2  Electronics 


To  carry  out  velocity  measurements  the  time  difference  between  the  double  pulses  must 
be  registrated.  Assuming  a beam  distance  of  0.4  mm,  which  could  be  measured  with  an  accu- 
racy of  1 um  by  enlarging  s1mu1 taneously  the  two  beams  In  the  probe  volume  and  a micro- 
scale, a time  difference  of  0.85  us  occurs  for  a fluid  velocity  of  500  m/s.  Therefore 
fast  electronic  equipment  Is  required  with  a time  response  of  a few  nanoseconds.  For  ty- 
pical probe  volume  dimensions  and  particle  seeding  rates  about  10  000  measurement  per 
second  must  be  registrated  by  collection  electronics. 

Similar  measuring  problems  occur  In  nuclear  physics.  Sufficiently  fast  electronic 
equipment  has  been  developed  in  this  field  and  these  devices  are  well  suited  for  the 
L2F-applicat1on. 

Fig. 10  shows  a block  diagram  of  the  data  processing  system.  The  start  signal  for  the 
time  measurements  Is  produced  by  photomultiplier  1 which  receives  the  scattered  light 
from  the  first  laser  beam.  Photomultiplier  2 which  Is  aligned  with  the  second  beam  yields 
the  stop  signal . 

After  the  amplification  of  both  signals  discriminators  enable  the  pulse  type  signals 
to  be  triggered  at  their  maximum  Independent  of  the  signal  amplitudes.  This  Is  to  avoid 
a broadening  of  the  time  measurement.  The  discriminator  output  signals  are  well  defined 
and  have  short  rise  times.  They  start  and  stop  the  time  Interval  measurements  which  are 
carried  out  by  a tlme-to-ampl Itude  converter.  A counter  counts  the  started  measuring 
events  and  after  reaching  the  present  number  the  measuring  cycle  Is  stopped.  The  rec- 
tangular shaped  output  pulse  of  the  tlme-to-ampl 1 tude  converter  containing  the 
Information  on  the  measured  time  difference  In  Its  amplitude  Is  digitized  by  the  ADC  of 
the  following  multi-channel  analyser.  The  data  are  stored  and  arranged  along  the  time 
axis,  such,  that  a probability  histogram  of  time  measurements  Is  generated  on  the  MCA 
d1 spl ay. 

Fig. 11  shows  an  oscillogram  containing  various  probability  density  distributions 
corresponding  to  different  angles  a with  respect  to  the  mean  flow  direction.  The  t-axis 
represents  the  transit  time  of  the  particles  between  the  two  beams.  The  quantity  of  each 
time-measurement  Is  arranged  along  the  ordinate.  Each  distribution  represents  the  same 
number  of  measuring  events  at  each  measuring  cycle.  The  probability  that  a particle 
traveling  along  the  line  of  flow  will  be  Irradiated  by  both  laser  beams  Is  maximum  at 
the  angle  position  o ■ 0°  corresponding  to  the  mean  flow  direction.  The  peak  of  the  dis- 
tribution curve  Indicates  the  mean  velocity,  whereas  the  width  of  the  curve  near  the 
baseline  Indicates  the  maximum  velocity  fluctuations.  As  a Increases  the  probability  of 
particle  Irradiation  by  both  laser  beams  decreases  rapidly  and  Is  - In  this  case  - at 
a ■ 1.50  practically  nonexistent.  Negative  values  of  a yield  the  same  results.  A combi- 
nation of  all  results  leads  to  a two  dimensional  probability  density  distribution  de- 
pending on  time  difference  (velocIty'M  and  angle  (setting  angle  a)  as  It  Is  shown  In 
Fig. 12. 

At  each  of  about  5 to  6 angle  settings  1 000  to  2 000  valid  measuring  events  are  necessa- 
ry to  provide  sufficient  Information  about  the  flow.  Depending  on  the  particle  concen- 
tration In  the  flow  this  takes  nearly  3 to  5 minutes  and  requires  steady  flow  conditions 
during  this  time  period. 

After  the  two  dimensional  probability  distribution  Is  measured  and  stored  the  data 
are  transmitted  to  a computer  for  the  calculation  of  the  desired  mean  values. 
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The  probability  distribution  as  a function  of  time  and  setting  angle  is  trans- 
formed into  an  equivalent  one  as  a function  of  velocity  and  flow  angle.  In  the  case  of  the 
L2F-ve1oc1meter  the  well  known  particle  broadening  effect  occurs.  Assuming  the  flow  densi- 
ty to  be  constant  and  independant  of  flow  fluctuations  at  each  measuring  point  corrections 
can  be  carried  otit  by  dividing  each  value  of  the  histogram  by  the  respective  velocity. 

Another  broadening  effect  is  due  to  the  finite  size  of  the  probe  volume.  While  its  in- 
fluence on  the  magnitude  of  the  measured  velocities  is  already  corrected  by  the  employment 
of  discriminators  triggering  each  signal  pulse  at  its  maximum,  the  additional  broadening 
of  the  measured  flow  angle  fluctuations  must  be  considered. 

Fig. 13  shows  the  cross-section  for  the  two  beams  at  3 different  angle  positions  of  the 
measuring  plane.  A flow  fluctuating  only  in  velocity  magnitude  and  not  in  direction  is 
assumed.  Using  the  L2F-ve1ocimeter  different  probability  di stri butions wi 1 1 be  measured  at 
I different  angle  settingsof  the  measuring  plane  inside  the  range  * &a  which  depends  on 

I the  dimensions  of  beam  diameter  and  beam  spacing.  In  this  way  the  measured  two  dimensional 

! probability  distribution  indicates  an  apparent  flow  angle  variation  which  does  not  occur 

I in  the  flow  as  persumed. 

I A theoretical  treatment  of  this  problem  leads  to  the  calculated  correction  curve  shown 

in  Fig. 14.  By  the  mean  flow  velocity  u and  the  components  of  velocity  fluctuations  u'  and 
t V*  parallel  and  perpendicular  to  the  mean  flow  direction  the  turbulence  intensities  Tu' 

' and  Tv'  are  defined.  Because  of  the  broading  effect  only  the  turbulence  intensity  Tv* 

calculated  from  the  measured  probability  distributions  deviates  from  the  real  flow  turbu- 
I lence.  The  possible  error  decreases  as  the  turbulence  increases.  The  magnitude  and  the 

; direction  of  the  mean  flow  vector  will  not  be  effected.  The  correction  of  Tv'  was  carried 

out  by  the  computer  programm. 

The  remaining  measuring  error  of  the  L2F-ve1ocimeter  depends  mainly  upon  the  uncer- 
. taincies  of  determining  the  beam  distance,  from  calibration  errors,  and  from  temperature 

t shiffing  of  the  electronics.  It  was  found  to  be  0.25  i at  200  m/s  and  0.5X  at  500  m/s. 

6.3  Experimental  Test 

The  first  set  of  test  results  have  been  conducted  in  a rectangular  tube  to  prove  ex- 
perimentally how  close  to  a reflecting  wall  measurements  would  be  possible  and  to  deter- 
mine the  accuracy  of  the  measurements,  particulary  the  turbulence  intensities.  Fig. 15 
shows  some  results  of  these  tests. 

The  fixed  wall  is  left,  the  tube  center  right  in  the  diagram.  The  mean  flow  velocity 
with  respect  to  the  velocity  in  the  tube  center  and  the  degree  of  turbulence  are  plotted 
against  the  dimensionless  coordinate  of  tube-width.  The  results  performed  by  means  of 
the  L2F  technique  are  compared  with  those  attained  by  Reichardt  using  hot-wire  anemo- 
metry  (Ref.[12J).  The  agreement  of  the  two  sets  of  results  is  practically  exact  be- 
ginning at  the  Hrst  point  of  the  optical  measurement  which  is  located  20t  of  the  tube 
half  width  or  1.5  mm  from  the  fixed  wall.  This  value  was  determined  to  be  a positioning 
limitation  in  the  test  and  it  agrees  very  well  with  the  theoretically  calculated  limit, 
despite  the  simplifications  which  have  been  persumed.  Reichardt  could  get  relatively 
closer  to  the  fixed  wall  because  he  conducted  his  experiments  in  a rectangular  tube  of 
significantly  larger  dimensions.  However,  the  Reynolds  numbers  are,  despite  the  diffe- 
rence in  size  of  the  rectangular  tubes  employed,  nearly  the  same  in  both  cases. 

The  results  of  tests  performed  in  a supersonic  windtunnel  are  shown  in  Fig. 16.  The 
related  difference  of  the  optically  measured  velocity  u and  the  velocity  u calculated 
from  pressure  and  temperature  measurements  are  plotted  against  the  Mach-  '’number.  A 
maximum  error  of  0.5X  is  Indicated.  The  reproduceabi 1 1 ty  of  two  test-series  was  much 
better  than  this  even  at  the  high  velocities  of  570  m/s  which  corresponds  to  Mach  « 

2.8.  However,  it  must  be  considered  that  the  determination  of  flow  velocity  by  static 
and  total  pressure  is  not  more  accurate  than  0.5X. 

7.  APPLICATION  PROBLEMS  IN  TURBOMACHINES 

7.1  Positioning  of  Probe-Volume 

Under  usual  applications  of  fixed  flow  channels  the  measuring  position  in  the  flow 
field  is  changed  by  moving  the  complete  device  on  a x-y-z-coordinate  platform  (see 
Fig. 17).  Depending  on  the  focal  length  of  lens  2 (see  Fig. 8)  the  probe  volume  is  posi- 
tioned at  a certain  distance  - about  350  mm  - in  front  of  lens  2.  This  distance  remains 
constant  as  long  as  no  refractive  material  is  placed  along  the  beam  path.  However  this 
distance  is  altered  if  planparallel  glass  window  have  to  be  installed  in  the  casings 
of  flow  channels  or  turbomachines.  The  resultisa  small  change  in  the  probe  volume  po- 
sition which  can  easily  be  calculated  from  the  glass  thickness  and  its  refractiv  index. 

But  a better  way  is  to  adjust  the  coordinates  with  the  help  of  a reference  point  Inside 
the  flow  channel  . 

When  applying  the  L2F  velocimeter  to  rotor  flow  measurements  in  turbomachines  dis- 
placements of  the  probe  volume  can  only  be  carried  out  in  one  or  two  coordinates  - in 
radial  and  in  axial  directions.  The  reference  points  Inside  the  blade  channels  can  be 
for  example  the  position  of  the  hub  to  adjust  the  radial  coordinate  and  the  small  slot 
between  rotor  and  stator  to  adjust  the  axial  coordinate,  or  any  other  suitable  reference 
points.  The  complete  device  is  moved  along  the  correspondi ng  coordinates  until  the  probe 


volume  just  touches  the  chosen  reference  point.  This  is  indicated  when  the  maximum  dc- 


current  of  the  photomultiplier  output  Is  observed.  In  this  way  adjustments  are  possible 
during  machine  operation.  The  positioning  of  the  probe  volume  Is  accurate  to  within 
0.1  mm . 

Iri  order  to  define  the  measuring  position  In  the  circumferential  direction  a 
Pockel's  cell  has  been  Installed  In  the  L2F-veloc1meter  beam  path  (see  Fig. 8).  The 
Pockel's  cell  Interrupts  the  laser  beam  during  the  rotation  of  the  rotor  and  releases  It 
- as  directed  by  a trigger  signal  from  ihe  rotor  - at  a certain  point  In  each  blade 
channel  to  take  measurement.  The  adjustable  exposure  time  of  the  Pockel's  cell  Is  so 
short  that  the  measurement  can  take  place  In  a very  small  sector  of  the  flow  channel  and, 
thus,  under  nearly  steady-state  conditions.  The  exposure  time  Is  determined  by  the  blade 
frequency  and  the  number  of  measuring  points  along  the  blade  spacing;  for  10  points  this 
time  has  to  be  less  than  1/10  of  the  blade  cycle  (at  a frequency  of  10  kHz  less  than  10 
us).  This  time  must  be  necessarely  longer  than  the  particle  time  of  flight  through  the 
probe  volume.  It  was  usually  chosen  to  be  1/20  of  the  blade  passing  time.  The  measure- 
ments at  the  selected  spots  In  the  blade  channels  are  repeated  during  rotor  revolution 
again  and  again  until  enough  data  for  an  adequate  statistical  evaluation  are  gathered. 

At  first  It  might  appear  be  sufficient  to  merely  switch  the  signals  from  the  elec- 
tronics, but  due  to  sudden  changes  in  background  radiation  caused  by  the  blade  passing 
through  the  probe  volume  this  method  Is  not  used.  If  the  blade  surfaces  touch  the  probe 
volume  a strong  radiation  Is  generated  which  causes  the  photomultiplier  to  become  satura- 
ted for  a certain  time.  During  this  time  period,  which  Is  often  not  small  compared  to  the 
blade  passing  time,  no  measurements  can  be  carried  out.  Therefore,  the  use  of  a Pockel's 
cell  helps  to  overcome  this  problem. 

To  adjust  the  measuring  position  in  the  circumferential  direction  two  methods  are 
possible.  One  possibility  Is  to  calculate  the  delay  time  between  the  triggersi gnal  from 
the  rotor  and  the  selected  cl rcumferential  position.  However,  due  to  changes  In  ro- 
tational speed  and  due  to  the  twisted  blades  this  calculations  becomes  very  difficult, 
perhaps  even  wrong  if  the  blade  becomes  untwisted  by  centrifugal  forces. 

The  other  method  of  adjustment  is  Independent  of  rotor  displacements  and  blade  de- 
formations. Observing  the  photomultiplier  output  signals  on  an  oscilloscope  the  circum- 
ferential position  Is  clearly  Indicated  (see  Fig. 18). 

This  Is  possible  because  the  laser  beam  Is  not  completely  switched  off  by  the  Pockel's 
cell.  The  remaining  Intensity  1s  sufficient  to  generate  a good  quality  signal  on  the 
photomultiplier  If  a blade  surface  passes  the  probe  volume.  One  must  pay  special  attention 
to  whether  the  blade  radiation  Is  caused  by  the  suction  or  pressure  surface  of  the  blade. 
On  the  scope  two  pulses  close  to  each  other  are  periodically  produced  by  the  start-  and 
stop-photomultiplier.  Between  the  double  pulses  displaced  by  the  blade  period  a region  of 
Increased  noise  Is  indicated  which  occurs  just  In  that  moment  when  the  laser  beam  is  re- 
leased by  the  Pockel's  cell  for  measurement.  Due  to  the  short  time  increase  of  Intensity 
the  background  noise  will  simultaneously  be  increased,  such,  that  It  is  detectable  by  the 
photomul tipi lers. 

In  order  to  shift  the  probe  volume  to  ancy  circumferential  position  adjustable  delay 
electronics  were  used  which  work  independent  of  rotational  speed. 

Before  ending  this  consideration  on  the  positioning  conditions  in  turbomachines  a 
problem  must  be  emphasized  which  render  any  measurements  impossible  In  some  regions  of 
the  blade  channel.  These  regions  - called  blade  shadow  - result  If  the  blade  cross-section 
In  the  plane  normal  to  the  rotor  axis  is  not  orientated  parallel  to  the  optical  axis  of 
the  velocimeter.  The  blade  tips  cut  off  the  laser  beams  such,  that  depending  on  the 

respective  orientation  either  close  to  the  suction  - or  close  to  the  pressure  side  mea- 
surements cannot  be  made.  The  way  to  overcome  this  restriction  Is  to  adjust  the  optical 
axis,  at  each  axial  position,  parallel  to  the  respective  blade  direction.  Because  these 
adjustments  are  often  very  difficult  the  small  blade  shadow  regions  are  tollerated. 

7.2  Window  Cleaning  Device 

Preliminary  tests  Inside  the  rotating  blade  channels  of  an  axial  compressor  have 
revealed  additional  problems.  The  most  severe  of  them  was  that  during  compressor  opera- 
tion the  glass  windows  In  the  casing  became  dirty  very  quickly,  rendering  the  velocity 
measurements  difficult  or  even  Impossible.  A cleaning  device  was  developed  which  worked 
very  succesfully.  The  basic  Idea  was  to  clean  the  windows  during  compressor  operation 
just  before  each  measurement  by  Injecting  a cleaning  liquid  upstream  of  the  windows  for 
a short  time  (2  seconds).  Thus,  a liquid  sheet  covers  the  glass  and  cleans  It  of  any 
dirt.  The  measurement  can  then  take  place  Immediately  after  the  liquid  has  evaporated. 

The  construction  of  a window  mounting  device  Including  the  window  cleaning  arrange- 
ment Is  shown  In  Fig. 19.  The  cleaning  liquid  - usual  Triclorathylen  - Is  forced  through 
the  clearance  between  the  window  and  the  mounting  device.  Due  to  some  slots  In  a ring 
shown  In  the  top  view  the  liquid  Is  directed  to  the  upstream  part  of  the  window.  The 
cleaning  process  Is  accomplished  with  both  chemical  and  mechanical  actions  due  to  the 
turbulence  within  the  casing  shear  layer  which  provides  a scrubbing  action. 

The  already  mentioned  cleaning  fluid  works  very  well  for  dirt  or  o11  usually  contained 
In  air  flows.  But  there  are  some  seeding  materials  - for  example  TjOg  - which  stick  so 
strongly  to  the  glass  windows  that  no  liquid  was  found  to  be  capable  of  cleaning  the 
covered  surfaces.  Therefore  when  using  artificial  seeding  the  window  cleaning  problem  must 
be  given  special  consideration. 


7.3  Particle  Seeding  Apparatus 


Another  problem  concerned  the  concentration  of  dust  In  the  test  air,  which  often  Is 
so  low  that  the  velocity  measurements  take  a relatively  long  time.  Because  the  laser  beam 
Is  triggered  to  fix  the  measuring  point  at  a definite  circumferential  position,  the  mea- 
suring time  Is  extremely  short  especially  at  high  rotational  speeds.  This  again  reduces 
the  probability  that  a particle  Is  Inside  the  control  volume  at  exactly  the  same  time. 
Therefore,  It  Is  often  useful  to  seed  the  flow  with  additional  particles.  This  has  to  be 
done  to  Increase  the  particle  concentration  but  not  to  get  larger  particles,  as  Is  often 
necessary  In  LDV  operation. 

Today  some  particle  seeding  devices  are  available,  but  most  of  them  generate  liquid 
particles  of  a relatively  large  diameter  (1-2  pm).  It  Is  very  unfavourable  to  have  li- 
quid particles  In  compressor  work  as  they  will  be  centrifuged  on  to  the  compressor  casing 
and  soil  the  windows.  Thus,  It  Is  more  convenient  to  seed  with  solid  particles.  However, 
other  problems  arise  because  solid  particles  usually  agglomerate  to  large  units,  which 
no  longer  follow  the  real  flow. 

A technique  was  developed  to  reduce  the  size  of  the  agglomerated  particles.  The  prin- 
ciple of  this  technique  Is  shown  In  Fig. 20. 

A fluidised  bed  of  SIO?  with  Individual  particle  diameters  of  0.03  pm  Is  produced  by 
a small  compressor  which  simultaneously  drives  a cyclone  to  separate  the  large  agglomera- 
ted particles.  A membrane  pump  sucks  the  smaller  particles  out  of  the  cyclone  and  feeds 
them  with  the  help  of  a seeding  probe  Into  the  flow.  Due  to  the  fluctuating  flow  field  In- 
duced by  the  membrane  pump  the  small  agglomerated  particles  become  broken  Into  smaller 
particles  which  have  an  area  of  about  1 pm^.  Fig. 21  shows  electron-microscopic  photographs 
of  particles  caught  by  wisker  meshes.  The  upper  picture  shows  particles  transported  by  the 
membrane  pump  and  the  lower  one  the  much  larger  particles  which  occur  when  Instead  of  a 
membrane  pump  only  pressed  air  Is  used  for  transportation. 

Because  of  the  very  low  mass  of  the  particles  with  respect  their  area  these  particles 
are  small  enough  to  accurately  follow  the  streamlines  even  In  supersonic  flows.  Some 
tests  carried  out  pointwise  across  an  oblique  shock  demonstrate  that  these  particles 
followed  the  velocity  step  In  the  short  distance  of  only  2 mm. 

Another  great  advantage  of  SlOp-partIcI es  Is  that  they  do  not  settle  out  and  can 
easily  be  removed  from  the  window  surface  with  the  already  mentioned  cleaning  device. 
Furthermore  extensive  test  experience  with  these  particles  has  shown  that  they  do  not 
demage  the  blade  leading  edges. 

7.4  Measuring  Accuracy  of  L2F-Ve1oc1meter  In  Turbomachi nery  Test 

When  positioning  the  probe  volume  In  the  cf rcuroferentlal  direction  a finite  measuring 
region  rather  than  a discreet  point  results  due  to  the  combination  of  the  rotor  wheel 
speed  and  the  finite  time  Interval  during  which  the  laser  beams  are  released  by  the 
Pockel's  cell.  The  measuring  point  position  Is  assumed  to  be  localized  In  the  middle  of 
this  region  which  usually  occupies  1/20  of  blade  spacing.  Velocity  gradients  which  may 
occur  In  the  circumferential  direction  lead  to  a broadening  of  the  measured  velocities 
with  respect  to  the  assumed  measuring  point  resulting  In  a measured  turbulence  Intensity 
which  Is  usually  too  high.  Depending  on  the  velocity  gradients  the  measured  mean  values 
can  deviate  additionally.  To  estimate  the  possible  error  the  shape  of  measured  circum- 
ferential velocity  distribution  must  be  taken  Into  account. 

Equivalent  uncertai ncies  arise  If  the  axial  length  of  the  probe  volume  (+  0.4  mm)  Is 
not  small  wl'th  respect  to  the  velocity  gradients  in  the  radial  direction.  This  happens 
especially  In  the  regions  of  hub  and  wall  shear  layers. 

In  order  to  decrease  the  measuring  time  measurements  should  be  carried  out  In  each 
of  the  blade  channels.  Due  to  small  errors  In  manufacturing  the  blade  shapes  the  flow 
In  each  blade  channel  Is  somewhat  different.  As  a result.  In  addlatlon  to  the  real  flow 
turbulence,  some  flow  unsteadiness  Is  superimposed  on  the  velocity  measurements.  There- 
fore the  measured  turbulence  Intensities  are  a result  of  both  turbulence  and  flow  fluctua- 
tions. 

Considering  all  this  uncertaincles  It  was  found  that  generally  an  accuracy  of  flow 
angle  detection  within  * 1°  can  be  achieved,  whereas  the  error  of  mean  velocity  measure- 
ment does  not  exceed  + IX.  Only  In  the  region  of  three  dimensional  shock  waves,  within 
the  blade  wakes,  and  within  close  proximity  of  the  hub  and  outer  casing  walls  measuring 
errors  will  be  somewhat  Increased. 

8.  COMPRESSOR  TESTS 

The  compressor  that  has  been  Investigated  Is  a single-stage  transonic  axial  compressor 
without  Inlet  guide  vanes,  designed  for  a total  pressure  ratio  of  l.Sl  and  mass  flow  of 
17.3  kg/s  at  20.260  rpm.  The  rotor  has  28  blades  with  an  Inlet  tip  diameter  of  399  mm  and 
a radius  ratio  of  0.5.  The  rotor  tip  solidity  Is  1.34.  The  blades  are  composed  of  multlple- 
clrcular-arc  profiles,  having  the  shape  of  a DCA-proflle  near  the  hub  and  of  a wedge  type 
profile  In  the  supersonic  position  near  the  tip.  The  stator  consists  of  60  blades  having 
NACA-65-prof 1 1 es  with  a circular  arc  camber  line. 

The  flowpath  of  this  stage, 1 1 1 ustrated  In  Fig. 22,  has  been  designed  such  that  the 
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blade  loading  Is  properly  balanced  between  rotor  and  stator  and  does  not  exceed  critical 
values.  The  stage  design  date  are  submitted  In  detail  In  [13]. 

The  tests  were  carried  out  In  the  point  of  maximum  efficiency  at  70-  and  100-percent- 
speed  (mass  flew  11.7  and  16.8  kg/s,  respecti vely ) . 

In  Fig. 22  the  lines  denoted  by  the  numbers  2-8  designate  the  streamlines  as  they 
are  drawn  from  conventional  measurements  outside  the  blade  rows  at  design  speed.  The  ver- 
tical lines,  numbers  3 - 16,  represent  the  various  measuring  planes  distributed  through- 
out the  rotor.  The  points  of  the  optical  measurements  are  Indicated  by  the  circular  sym- 
bols. At  each  point,  up  to  15  distinct  measuring  positions  were  realized  over  one  blade 
spacing,  especially  downstream  of  the  rotor  to  analyse  the  blade  wakes;  however,  also 
Inside  of  the  blade  channels  to  determine  the  shock  positions  accurately. 

Within  the  blade  channels,  however,  measurements  In  the  actual  vicinity  of  the 
blade  surfaces  were  often  Impossible  due  to  the  blade  twisting  which  causes  as  already 
mentioned  shadow  areas. 

Fig. 23  Illustrate  the  complex  flow  field  within  the  rotor  blade  row  for  70  percent 
speed  at  the  compressor's  best  point  (11.7  kg/s).  Each  plot  shows  the  distribution  of  the 
relative  velocity  as  lines  of  constant  local  Mach  number  on  surfaces  of  revolution  from 
bl ade-to-bl ade  and  on  planes  from  hub  to  tip  over  one  blade  channel. 

Fig. 23  demonstrates  the  relative  flow  field  at  18  percent  blade  height  (stream  sur- 
face 2,  Fig. 22).  The  flow  - subsonic  throughout  the  blade  channel  - decelerates  by  flow 
turning  to  a Mach  number  of  about  0.46.  Along  the  blade  suction  side  the  deceleration 
takes  place  quite  steadily  whereas  on  the  pressure  side  It  happens  primarily  In  the  blaoe 
entrance  region  of  lower  velocity. 

Fig. 24  presents  the  flow  field  on  stream  surface  8 at  89  percent  blelde  height.  This 
plot  reveals  a reasonable  effect  of  the  blade  row  on  the  upstream  flow  which  enters  the 
rotor  at  a mean  Mach  number  of  0.86.  On  the  suction  side  the  flow  accelerates  to  weak 
supersonic  velocities.  The  static  pressure  Increases  steadily  within  the  blade  channel  by 
subsonic  flow  turning. 

In  Fig. 25  the  relative  Mach  number  distribution  Is  plotted  over  the  blade  passage  at 
rotor  outlet,  seen  with  flow  direction  (plane  16,  Fig. 22).  The  blade  wake  can  be  clearly 
identified  In  this  picture  by  the  region  of  low  velocity.  The  wake  position  varies  with 
radius  due  to  variations  of  the  relative  flow  direction  and  also  to  the  Increasing  dis- 
tance from  blade  trailing  edge  to  plane  16.  Outside  of  the  wake  the  Mach  number  Increases 
uniformly  from  hub  to  tip. 

Fig. 26-28  present  the  results  of  the  experimental  flow  study  at  100  percent  speed  with 
a mass  flow  of  16.8  kg/s. 

In  Fig. 26  the  relative  velocity  distribution  - again  as  lines  of  constant  Mach  number 
Is  shown  on  stream  surface  4 (45  percent  blade  height).  The  Inlet  Mach  number  is  now 
slightly  supersonic  (Ma^  • 1.05)  due  to  the  increased  rotor  speed.  The  detached  shock 
waves  appear  at  the  blade  channel  entrance  with  a subsonic  bubble  downstream  around  the 
blade  leading  edges.  Along  the  front  part  of  the  suction  side  the  flow  accelerates  to 
reasonable  supersonic  velocities  before  being  reduced  to  subsonic  values  through  a normal 
shock.  After  an  additional  subsonic  diffusion  In  the  rear  part  of  the  blade  channel  an 
outlet  Mach  number  of  about  0.7  is  achieved. 

Fig. 27  demonstrates  the  flow  field  on  stream  surface  6 at  63  percent  blade  height.  Mach 
number  Is  now  about  1.2,  and  a typical  bow  shock  Is  located  ahead  of  each  blade.  Its  ob- 
lique branch  (dashed  line)  travels  upstream  and  interferes  wHh  the  expansion  waves,  which 
are  caused  by  the  supersonic  acceleration  around  the  blade  leading  edge  and  along  the  con- 
vex suction  side.  The  normal  shock  within  the  blade  passage  Impinges  on  the  suction  side 
of  the  adjacent  blade  at  nearly  50  percent  chord.  Due  to  shock-boundary-layer  Interaction, 
a X-shock  appears  at  the  blade  suction  side,  which  is  Indicated  by  the  spreading  of  the 
Mach  lines  In  this  region.  The  normal  shock  reduces  the  flow  to  subsonic  velocities  and 
contributes  essentially  to  the  static  pressure  rise  within  the  rotor.  The  pressure  In- 
crease In  the  normal  shock  does  not  agree  with  the  theoretical  value  of  a one-dimensional 
supersonic  flow,  which  Is  probably  due  to  three-dimensional  flow  effects  as  annulus  con- 
traction and  flow  Interactions  on  adjacent  stream  surfaces.  The  subsonic  flow  is  further 
decelerated  by  flow  turning  In  the  rear  part  of  the  blade  channel. 

Fig. 28  shows  the  relative  Mach  number  distribution  throughout  two  blade  passages  on 
stream  surface  8 (89  percent  blade  height  near  the  blade  tip).  The  Inlet  Mach  number  has 
Increased  up  to  1.3.  The  shock  wave  Is  attached  to  the  blade  leading  edge  and  has  an  ob- 
lique branch  also  within  the  blade  channel  which  Impinges  on  the  adjacent  blade  at  nearly 
80  percent  chord.  This  flow  type  Is  typical  for  a back  pressure  case  In  transonic  cas- 
cade . 

As  Indicated  In  Fig. 28  the  deceleration  from  supersonic  to  subsonic  velocities  does 
not  occur  within  a normal  shock,  but  gradually  over  a larger  portion  of  the  blade  channel. 
This  supersonic  diffusion  Is  probably  caused  by  the  smooth  stream  tube  convergence. 

This  diagrams  presented  here  demonstrate  some  typical  flow  phenomena  within  a tran- 
sonic compressor  rotor.  More  detailed  Interpretation  and  a comparison  with  results  of  a 
corresponding  through-flow  calculation  Is  published  In  [14]. 
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As  a second  example  velocity  measurements  In  the  internal  flow  field  of  a radial  dis- 
charge impeller,  running  at  a tip  speed  up  to  400  m/s,  are  presented  (inlet  diameter  280 
mm,  outlet  diameter  400  mm).  The  flow  investigations  are  carried  out  at  a test  point  near 
stage  optimum  - at  n > 14  000  rpm  and  iti  ■ 5.31  kg/s  a stagnation  pressure  ratio  PR  « 2.1 
and  an  isentropic  stage  efficiency  ■ 0.88  were  reached. 

The  centrifugal  impeller  flow  field  was  determined  from  inducer  inlet  to  impeller  dis- 
charge in  5 measuring  areas,  designated  by  I - V,  the  positions  of  which  are  illustrated 
in  the  Fig. 29. 

The  described  L2F  principle  renders  it  possible  to  measure  the  amount,  the  direction 
of  the  statistically  averaged  absolute  velocity  vector  in  the  laser  focal  plane.  After 
calculating  the  local  circumferential  velocity  from  impeller  speed,  geometry  and  the  re- 
lative width  position  z/b  of  the  measuring  volume,  the  complete  velocity  triangle  inclu- 
ding relative  velocity  w and  flow  angle  0 can  be  determined. 

Fig. 17  shows  the  centrifugal  compressor  test  rig  and  the  L2F  velocimeter  set-up  on 
the  left.  The  laser  beam  passes  through  a cylindric  casing  window  (5  - 20  mm  diam.  de- 
pending on  blade  height),  which  is  normally  aligned  to  the  shroud  contour. 

The  Figures  30,  31,  32,  33  and  34  represent  the  continuous  development  of  the  flow 
distribution  within  the  centrifugal  impeller  from  inducer  inlet  (meas.area  I)  to  impeller 
discharge  (meas.area  V). 

The  perspective  views  show  the  locally  measured  meridional  components  of  the  absolute 
velocity  c^,  referred  to  the  tip  speed  at  impeller  outlet  U2.  In  the  diagrams  the  form  of 

the  measuring  areas  has  been  simplified  to  trapezium  shapes  at  which  the  blade  spacings 
and  widths  are  equally  scalled;  the  shroud-side  casing  wall  lies  in  the  front  (z/b  = 0), 
the  hub  in  the  rear  (z/b  • 11  and  the  hatched  areas  along  the  pressure  side  PS  (y/t  «0) 
and  suction  side  SS  (y/t  « 1)  designate  half  of  the  blade  thickness  respectively. 

A check  of  the  relative  flow  pattern  showed  that  the  measured  relative  flow  directions 
8 coincide  within  1 deg.  with  the  local  blade  angles  of  plane  I.  This  indicates  that 
the  flow  has  already  largely  adjusted  to  the  blade  surface  at  this  plane  about  11  mm  aft 
of  impeller  leading  edge.  Similar  conclusions  can  be  drawn  from  Fig. 31  for  the  conditions 
in  the  next  measurement  area  II  in  the  transition  range  from  the  axial  inducer  to  the 
radial  impeller.  The  flow  is  again  very  regular  at  a comparatively  low  blade  loading 
and  has  still  preserved  its  potential -theoretical  character. 

First  marked  distortions  of  the  impeller  flow  pattern  appear  a short  distance  down- 
stream at  measurement  area  III,  as  can  be  observed  in  Fig. 32.  Here  - at  x/s^  = 0.59  in 

the  range  of  highest  blade  loading  - a pronounced  velocity  “dip"  in  the  shroud  stream 

tube  (z/b  « 0.07)  marks  a beginning  flow  separation.  In  the  rest  of  the  blade  channel  the 
flow  is  preserving  its  theoretically  predictable  pattern,  but  compared  to  the  foregoing 
measuring  areas  with  a clearly  steeper  bl ade-to-bl ade  velocity  gradient.  This  is  especial- 
ly true  at  the  shroud  stream  tube  (y/t  < 0.4)  where  additionally  a distinct  thickening 
of  the  casing  wall  boundary  layer  may  be  observed. 

The  beginning  flow  separation  in  measuring  area  III  rapidly  enlargens  downstream,  as 
shown  in  Figures  33  and  34  for  the  subsequent  areas  IV  and  V,  developing  a pronounced 
wake.  This  wake  area  covers  about  30  percent  (IV),  respectively  35  percent  (V)  of  the 
corresponding  flow  channel  area.  The  wake  region  is  characterized  by 

a low  mass-flow  component,  the  wake  comprises  about  15  percent  of  the 

total  mass-flow  at  impeller  discharge, 

- a high  fluctuation  intensity, 

a steep,  relatively  stable  velocity  gradient  to  the  surrounding  main  flow. 

It  is  apparent  from  the  velocity  distribution.  Fig. 32,  that  there  is  still,  at  least 
in  the  circumferential  direction,  a substantially  potential -theoreti cal  flow  character. 

The  thickening  shroud  wall  boundary  layer  and  the  increasing  displacement  effect  of  the 
rapidly  growing  wake  region  initiate  then  a shift  of  the  main  flow  towards  the  pressure 
side  and  the  hub  wall  region. 

Eckardt  [15]  and  [16]  has  published  more  details  about  these  measurements  as  well  as 
an  extensive  interpretation  of  these  results.  It  was  shown,  that  the  impeller  flow  pattern, 
which  coincide  largely  with  potenti al -theory  calculations  in  the  axial  inducer,  become 
more  and  more  reversed  when  the  flow  separates  from  the  blade  suction  side,  developing  a 
rapidly  increasing  wake  in  the  radial  impeller.  The  observed  secondary  flow  pattern  and 
effects  of  channel  curvature  and  system  rotation  on  turbulence  structure  are  discussed 
with  respect  to  separation  onset  and  Jet/wake  interaction. 

8.  THE  L2F-FLU0RESCENT  TECHNIQUE 

As  it  was  demonstrated  by  the  results  taken  within  the  centrifugal  impeller,  measure- 
ments were  possible  up  to  a minimum  probe  volume  distance  of  2 to  3 mm  close  to  the  hub 
or  to  the  shroud.  An  unsteady  background  radiation  was  generated,  due  to  machine  vibra- 
tions and  differences  of  hub  curvature,  leading  to  a somewhat  greater  minimum  probe  vo- 
lume distance  than  that  observed  in  windtunnel  tests. 


Additionally,  measurements  somewhat  closer  to  the  flow  channel  walls  are  still  of  In- 
terest to  study  flow  separation  effects  and  boundary  layers  In  more  detail. 

Therefore  the  L2F-ve1 ocimeter  was  modified,  so  that  now  measurements  became  possible 
very  close  - about  O.S  mm  - to  a reflecting  wall. 

This  Improvement  could  be  achieved  by  using  fluoreacent  particles  for  flow  seeding. 

The  solid  fluorescent  particles  - called  “lumogene"  - are  stimulated  by  Incident  light  of 
high  frequency  - as  e.g.  the  blue  or  green  light  of  an  argon'^-1 aser  - and  emit  Immediate- 
ly low  frequency  light,  which  Is  well  separated  In  Its  wave  length  from  the  Incident 
1 Ight. 

The  unfavourable  background  radiation  Is  almost  completely  eliminated.  If  optical 
filters  are  used  to  prevent  the  photomultiplier  from  observing  the  Incident  laser  light 
frequencies,  but  which  allow  the  passage  of  the  fluorescent  light  frequencies. 

Although  the  fluorescent  particle  light  Intensity  Is  two  orders  lower  than  the  back- 
scattered  light,  the  signal -to-nolse  ratio  was  found  to  be  much  Improved,  especially  In 
the  case  of  measurements  close  to  the  walls.  A signal  amplitude,  sufficient  for  data  pro- 
cessing was  achieved  due  to  the  high  1 Ightconcentratlon  In  the  L2F-vo1ume. 

Fig. 35  shows  the  new  L2F  measuring  device  which  can  be  operated  both,  with  scattered 
as  well  as  fluorescent  light. 

Some  results  of  a preliminary  test,  carried  out  within  the  above  mentioned  centrifugal 
Impeller,  are  shown  In  Fig. 36, 

The  results  correspond  to  a measurement  area  at  x/s„,  • 0.73,  located  between  the  mea- 
surement areas  III  and  IV.  Measurements  with  the  L2F  scattered  light  technique  are  marked 
by  triangles,  whereas  the  circles  designate  the  measurements  with  the  fluorescence  tech- 
nique, demonstrating  the  Improved  possibilities  for  measurements  within  the  Immediate  vln- 
clnlty  of  the  shroud  wall. 

A limiting  distance  of  Ab  s i mm  resulted  from  the  background  radiation  which  could 
not  be  eliminated  completely  by  the  applied  optical  filters.  However,  a further  reduction 
of  this  minimum  distance  would  not  be  very  reasonable,  for  the  finite  axial  length  of  the 
probe  volume  and  the  steep  velocity  gradients  In  the  wall  boundary  layers  would  cause 
significant  errors. 

9.  CONCLUSIONS 

An  extremely  high  light  concentration  can  be  achieved  In  the  probe  volume  with  the 
L2F-ve1oc1meter . Thus,  measurements  using  the  weak  backscattered  light  are  possible  even 
In  the  vicinity  of  metal  surfaces.  This  was  proved  by  measurements  In  compressors  where 
the  test  conditions  are  normally  more  severe  than  In  windtunnels. 

The  L2F-ve1oc1meter  measures  time  differences  Instead  of  frequencies  (as  LOV  systems 
do).  Thus,  measurements  can  be  performed  up  to  1 000  m/s  without  reaching  the  limits  of 
the  electronic  data  processing  equipment. 

Furthermore,  the  L2F  device  Is  a compact  unit  which  allows  modifications  of  the  mea- 
suring volume  without  any  realignment  In  the  optical  part.  It  Is  well-suited  to  determine 
the  amount  and  the  direction  of  the  velocity  vector.  Very  often  this  procedure  Is  more 
accurate  than  the  determination  of  the  velocity  components.  It  yields  also  Information 
on  the  flow  turbulence  and  on  the  sign  of  velocity  vector. 

Detailed  Investigations  by  means  of  the  L2F-ve1oc1meter  revealed  an  excellent  survey 
of  the  Internal  flow  In  a transonic  axial  compressor  rotor  at  subsonic  and  supersonic 
speeds  and  In  a centrifugal  compressor  Impeller. 

The  results  demonstrate  the  capability  of  the  technique  for  experimental  studies  of 
the  complex  real  flow  pattern:  the  shock-wave  system  within  the  blade  row  was  Investi- 
gated with  respect  to  position  and  Intensity.  Effects  of  blade  wakes  were  revealed.  In 
the  future  the  study  of  boundary-layers  and  flow  separation  appears  to  be  possible. 

These  experimental  Investigations  will  help  to  develop  more  realistic  Internal  flow 
models  as  a valueable  basis  for  more  complete  calculation  methods  and  more  reliable  loss 
and  flow  turning  prediction  techniques. 
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ABSTRACT 


Laser  velocimeter  (LV)  measurement  technology  has  been  applied  to  aircraft  gas 
turbine  research  and  development.  The  velocimeter  operates  by  measuring  the  transit 
time  of  a seed  particle  across  interference  fringes  produced  at  the  intersection  of  a 
split  and  crossed  laser  beam.  The  LV  system  has  been  used  to  make  nondisturbing  gas 
velocity  measurements  in  front  of  bellmouth  inlets,  within  jet  exhausts  for  acoustic 
studies  and  within  the  rotating  bladerows  of  axial  flow  compressors,  fans  and  turbines, 
including  the  mapping  of  shock  locations.  The  rotor  flowfields  were  obtained  at 
several  radial  immersions  for  operating-line  and  near-stall  throttle  settings.  The 
results  show  the  effects  of  blade  loading  on  the  flowfield  and,  for  the  supersonic  fan, 
show  the  change  in  shock  pattern  as  stall  is  approached.  Analytical  predictions  of  the 
various  flowfields  were  obtained  using  potential  flow  theory,  the  method  of  character- 
istics and  a time-dependent,  finite  difference  solution  of  the  fluid  dynamic  equations 
of  motion.  The  analytical  results  and  the  flowfield  measurements  are  considered  to  be 
in  good  agreement.  Typical  results  are  presented  from  the  compressor  and  fan  studies, 
the  turbine  studies,  the  acoustic  studies  and  the  inlet  flow  studies.  The  practical 
benefits  of  these  results  are  briefly  discussed. 

1.0  INTRODUCTION 

At  the  present  time  the  laser  velocimeter  (LV)  is  the  only  practical  method  of 
making  nondisturbing  velocity  measurements  within  the  rotating  blade  rows  of  compres- 
sors, fans  and  turbines,  particularly  when  these  components  are  operating  in  the  tran- 
sonic or  supersonic  flow  ranges.  Although  the  concept  of  measuring  the  velocity  of  a 
gas  flow  by  the  Doppler  shift  of  light  is  well  known  [1,2]  and  in  recent  years  has  been 
used  to  study  many  types  of  flowfields  [3-81,  the  practical  application  of  the  LV  to 
making  measurements  in  the  rotating  components  of  turbomachinery  was  complicated  by  the 
fact  that  access  to  only  one  side  of  the  stream  was  available.  A particular  version  of 
the  LV,  known  as  differential  Doppler  [9,10],  was  developed  using  a geometry  which 
permitted  measurements  of  fluid  flow  velocities  in  situations  where  there  is  access  to 
only  one  side  of  a stream.  The  first  publication  of  laser  velocimeter  measurements  in 
a turbomachinery  application  was  that  reported  by  Wisler  and  Mossey  [11]  in  1972.  This 
work  was  part  of  a continuing  research  and  development  program  at  the  Aircraft  Engine 
Group  of  the  General  Electric  Company,  Cincinnati,  Ohio  USA  to  investigate  the  flow- 
fields  within  turbomachinery  using  the  laser  velocimeter.  The  work  reported  in  Ref- 
erence 11  formed  the  basis  for  continued  development  of  the  laser  velocimeter  and  for 
its  use  in  transonic  fan  measurements  in  1973  as  reported  by  Wisler  in  Reference  12. 
Measurements  of  a similar  nature  on  a transonic  fan  have  also  been  reported  by  Pratt 
and  Whitney  Aircraft  [13].  Runstadler  and  Dolan  [14]  have  described  the  use  of  the  LV 
for  studying  the  basic  fluid  dynamics  of  the  impeller  and  diffuser  regions  of  a high 
pressure  ratio,  small  centrifugal  compressor.  Seasholtz  [15]  has  described  work  being 
conducted  at  the  NASA  Lewis  Research  Center,  Cleveland,  Ohio  to  make  LV  measurements  in 
a turbine  cascade.  Work  has  been  in  progress  at  DFVLR  in  Germany  for  some  years  to 
develop  an  LV  system  that  does  not  use  a fringe  pattern.  Schodl  has  described  the 
development  of  this  system  in  References  16  and  17  and  Eckardt,  in  Reference  18,  has 
presented  the  results  of  using  this  type  of  LV  system  to  measure  the  flowfield  in  a 
radial  compressor. 

The  present  paper  discusses  the  application  of  the  laser  velocimeter  to  aero 
engine  research  and  development  in  the  areas  of  compressor,  fan,  turbine,  inlet  and  jet 
acoustic  technology.  Both  the  experimental  results  and  the  analytical  correlation  are 
discussed. 

2.0  LASER  VELOCIMETER 

The  laser  velocimeter  determines  velocity  by  measuring  the  time  taken  by  a parti- 
cle to  traverse  laser  fringes  of  known  spacing.  This  time  is  obtained  by  analyzing  the 
light  scattered  by  the  particle  as  it  traverses  the  fringes.  A discussion  of  the 
design  of  the  velocimeter,  the  electronics  for  analyzing  the  scattered  light,  the  seed- 
ing of  the  flow  and  the  data  reduction  techniques  are  presented  in  the  following. 

2 . 1  Design  of  the  Laser  Velocimeter 

The  arrangement  of  the  General  Electric  laser  velocimeter  system  used  to  obtain 
measurements  within  rotating  blade  rows  of  turbomachinery  is  shown  in  Figure  1.  The 
laser,  the  optics  and  the  photomultiplier  assembly  are  enclosed  in  a cylindrical  hous- 
ing that  can  be  electrically  actuated  over  380  mm  axially,  150  mm  radially,  and  +90 
degrees  about  the  beam  bisector.  A continuous  argon-ion  laser  with  a power  of  1.4 
watts  is  operated  at  a wavelength  of  514.5  nm.  The  laser  output  beam  is  split  into  two 
beams  by  a beamsplitter.  Each  of  these  half  power  beams  is  brought  to  a common  focus, 
called  the  measurement  zone,  by  the  mirrors  and  lens  assembly  shown  in  Figure  1. 
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Optical  access  to  the  blading  is  provided  by  an  anti-reflection  window  which  is  flat  to 
X/10.  The  insert  in  Figure  1 shows  an  enlarged  view  of  the  laser  beam  interference 
fringes  formed  in  the  measurement  zone.  There  are  572.07  laser  fringes  per  cm  in  the 
measurement  zone.  The  be2un  dieuneter  at  Section  A-A  is  about  0.305  mm  and  the  included 
angle  of  the  beams  is  1.9  deg,  providing  4.06  mm  of  common  crossover.  Seed  particles, 
which  are  sprayed  into  the  flow  upstream  of  the  blading,  pass  through  the  laser  fringes 
in  the  measurement  zone  and  scatter  the  laser  light  in  all  directions.  A small  11-deg 
cone  of  back- scattered  light  is  collected  and  converged  through  an  aperture  to  a photo- 
multiplier tube.  For  turbomachinery  applications  within  rotating  blade  rows,  an  opti- 
cal working  distance  from  the  velocimeter  to  the  measurement  zone  of  64  cm  (25  in.)  is 
acceptable.  For  acoustic  measurement  applications,  the  optical  arrangement  of  the 
system  shown  in  Figure  1 is  modified  by  removing  the  mirror  and  using  lenses  which 
provide  a long  working  distance  of  216  cm  (85  in.).  The  velocimeter  is  capable  of 
making  measurements  from  8 to  1200  m/sec. 

When  a particle  passes  through  the  laser  fringes,  it  scatters  light  in  all  direc- 
tions. The  backscattered  mode  of  operation  was  chosen  for  use  because  only  one  visual 
access  to  the  flow  is  needed.  This  is  ideally  suited  to  turbomachinery  applications 
because,  generally,  only  one-sided  entry  through  the  casing  is  available  to  observe  the 
flow.  In  addition  the  receiver  and  transmitter  can  be  integrally  contained  resulting 
in  better  thermal  equalization,  one  acoustic  housing  and  best  alignment  stability.  For 
acoustic  applications  using  long  working  distances,  stringent  requirements  on  laser 
divergence  and  beam  alignment  are  necessary  to  obtain  a small  control  volume  at  long 
working  distances. 

The  intensity  of  forward-scattered  light  is  approximately  100  times  greater  than 
the  intensity  of  back- scattered  light.  Consequently,  a laser  power  of  1 to  2 watts 
(single  line)  is  necessary  to  assure  sufficient  back-scatter  intensity.  The  continuous 
1.4  watt  argon-ion  laser,  which  is  fairly  reliable  and  widely  available,  provides  this 
intensity  in  the  514.5  green  line.  It  is  advantageous  to  work  with  the  visible 
light  rather  than  infra-red  light  because  the  scattering  cross  section  is  better  and 
set-up  and  alignment  is  more  convenient.  The  photomultiplier  used  to  detect  the  back- 
scattered  light  needs  to  have  high  gain,  low  noise  and  a frequency  response  up  to 
approximately  100  MHz.  The  S20  cathode  chosen  is  ideal  for  the  514.5  nm  green  line. 

The  photomultiplier  is  protected  against  acoustic  and  vibratory  inputs  with  mass  damp- 
ing material  (lead  sheet  and  foeun  rubber)  . 

The  laser  fringe  spacing  determines  the  resultant  Doppler  burst  frequency  for  a 
given  velocity.  The  design  goals  are  (1)  to  keep  the  control  volume  as  small  as  pos- 
sible so  that  spacial  resolution  is  high  and  (2)  to  keep  at  least  12  to  20  fringes  in 
the  control  volume.  The  frequency  corresponding  to  the  highest  velocity  should  be 
within  the  signal  processor's  range  but  well  below  the  laser's  cavity  Af  which  is  about 
140  MHz  for  a 1 meter  cavity.  Theoretically  there  is  no  lower  velocity  limit,  but  in 
practice  the  dynamic  range,  V^ax./'^min. ' item  that  determines  complexity  and 

therefore  cost  of  the  signal  processor!  The  dyn2unic  range  of  the  GE  processor  is  150 
to  1. 


Adaptation  of  the  laser  velocimeter  to  turbomachinery  applications  requires  cer- 
tain compromises.  The  LV  head  must  be  kept  compact  to  keep  clear  of  probes,  etc.  In 
order  not  to  disturb  the  flow,  the  window  size  is  usually  limited  which  in  turn  limits 
the  viewing  volume  available.  In  addition  an  X,  Y,  Z and  tilt  actuation  system,  which 
is  expensive  and  complex,  is  often  needed  to  reduce  blade  shadow  volume.  Finally,  the 
necessity  to  keep  the  window  clean  in  order  to  keep  good  fringe  quality  for  signal 
processing  must  be  balanced  against  the  cost  of  having  to  shut  down  to  clean  windows 
during  engine  and  component  testing. 

2 . 2 Electronics 

The  counter-timer  (also  called  the  burst  counter)  type  of  signal  processor  was 
chosen  for  use  because  of  the  low  seed  density  employed.  The  frequency  tracker,  spec- 
trum analyzer  and  correlation  processors  are  not  capable  of  single-particle  velocity 
measurements  and  therefore  cannot  be  used. 

A schematic  of  the  GE  counter-timer  signal  processor  is  shown  in  Figure  2.  The 
processor  uses  a 5 cycle/8  cycle  comparator  as  a validation  check.  A brief  description 
of  the  operation  of  the  processor,  developed  by  W.B.  Jones  [10],  is  given  in  the  follow- 
ing. Since  the  scattered  light  intensity  varies  sinusoidally  as  the  particle  moves 
from  one  fringe  plane  to  the  next,  the  photomultiplier  output  during  this  time  is  an 
amplitude  modulated  sine  wave  burst.  If  the  spacing  of  the  fringes  is  known,  then  the 
velocity  component  can  be  found  by  measuring  the  frequency  of  the  burst.  This  burst  is 
made  symmetrical  about  a line  of  zero  volts  by  using  a high  pass  filter.  This  symmet- 
rical burst  is  highly  amplified  and  clipped  on  the  top  and  bottom  to  yield  a nearly 
square  wave.  The  square  wave  enters  preset  counters  whose  outputs  are  single  pulses  of 
time  duration  equal  to  five  consecutive  cycles  and  eight  consecutive  cycles  of  the 
burst  wave  respectively.  The  preset  counter  output  gates  a pulse-width-to-pulse-height 
converter.  The  converter  output  is  a linear  ramp  ending  in  a constant  voltage  whose 
magnitude  is  proportional  to  the  elapsed  time  for  five  cycles  and  eight  cycles  respec- 
tively. The  comparator  validates  the  signal  and  outputs  a gate  pulse  only  if  the  five- 
cycle  elapsed  time  is  equal  to  5/8  of  the  eight-cycle  elapsed  time  within  a tolerance 
band.  The  analog  divider  converts  the  eight-cycle  elapsed  time  to  a voltage  propor- 
tional to  the  velocity.  The  voltage  is  recorded  if  the  data  validation  gate  appears. 

All  circuits  are  then  reset  for  the  next  signal  pulse.  The  maximum  attainable  data 
rate  was  67,000  data/sec.  The  signal  processor  was  calibrated  as  input  frequency 


versus  output  voltage  by  using  a variable  frequency  oscillator  as  a signal  source  into 
a "burst  generator."  With  a typical  processor  setting  of  N = 8 counts,  the  overall 
calibration  limit  was  +0.6  percent.  The  signal-to-noise  ratio  required  by  this  wide- 
band processor  is  about”20  to  25  dB.  As  the  signal-to-noise  ratio  falls  below  20  dB 
the  validation  percentage  falls. 

2. 3 Seeding 

The  LV  operation  depends  upon  the  detection  of  frequency  shifted  scattered  light 
from  micron-sized  tracer  particles.  Seeding  is  generally  necessary  because  air  mole- 
cules do  not  usually  scatter  sufficient  laser  light  and  because  the  data  from  existing 
natural  dust  is  too  low.  Two  types  of  seeding  are  used.  The  first  type  is  a 1 micron 
diameter  polystyrene  latex  particle  manufactured  for  use  in  calibration  of  electron 
microscopes.  These  particles  have  a low  density  (1.0  gm/cc) . Seeding  is  accomplished 
by  spray-atomizing  a dilute  suspension  of  the  particles  into  the  air  entering  the  test 
compressor.  Unfortunately  they  have  a temperature  limit  of  about  95“  C (200“  F) . 

Latex  particle  seeding  was  used  in  the  compressor  tests  described  in  this  paper. 

The  other  type  of  seed  particle  used  is  the  refractory  type  such  as  AI2O3,  MgO  or 
Ti02.  Seeding  is  accomplished  by  use  of  a fluidized  bed  and  an  auxiliary  dry  air 
supply.  Although  refractory  particles  can  withstand  higher  temperatures,  they  have 
higher  densities  (4  gm/cc)  and  for  a given  diameter  tend  to  show  more  slip  in  high-g 
fields.  Refractory  seeding  was  used  in  the  turbine  tests  and  the  acoustics  tests 
described  in  the  paper. 

The  accuracy  of  the  LV  system  is  limited  by  the  accuracy  with  which  the  tracer 
particles  follow  the  fluid  flow.  A detailed  particle  trajectory  analysis  was  conducted 
and  the  results  shown  in  the  Appendix  of  Reference  12  indicate  that  the  seed  particles 
should  follow  the  flowfield  within  1 to  2%  outside  of  the  region  of  the  shocks  and  that 
the  particles  should  recover  rapidly  after  passing  through  the  shocks.  This  conclusion 
is  also  supported  by  the  crisp  shock  wave  indication  in  the  oscillogram  in  Figure  3. 

2. 4 Data  Recording  and  Reducing  Techniques 

The  laser  velocimeter  processor- validated  measurements  of  velocity  are  available 
as  either  a brief  (5  ysec)  sample  or  as  a sample  and  hold  output  which  lasts  as  long  as 
the  interval  to  the  next  sample.  The  various  types  of  data  recorders  which  can  be  used 
include:  the  X-Y  plotter  for  mean  velocity  profiles,  the  pulse  height  analyzer  for 

construction  of  probability  density  distributions  of  velocity,  the  digital  data  acqui- 
sition computer  with  core,  disc  and  magnetic  tape  storage  mediums,  and  the  oscilloscope/ 
camera  for  data  collection,  storage  and  display.  The  oscillosope/ccunera  recording 
technique  and  the  pulse  height  analyzer  recording  technique  are  discussed  in  the 
following. 

A typical  oscillogram  showing  LV  measurements  obtained  within  the  rotating  blade 
rows  of  a high  speed  fan  is  shown  in  Figure  3.  A velocity  scale  which  starts  at  the 
baseline  is  shown  on  the  figure.  Each  of  the  short  dashes  on  the  oscillogram  in  the 
zone  marked  "Laser  Measurements"  represents  an  individual  velocity  measurement.  The 
horizontal  lines  appearing  at  55.4  m/sec  and  176  m/sec  are  used  for  calibration  pur- 
poses. The  blade  spacing  marks  on  the  oscillograms  were  obtained  by  recording  the 
flash  of  the  blade  as  seen  by  the  photomultiplier  and  by-passing  the  LV  electronics. 
These  blade  passing  marks  were  used  to  position  the  data  circumferentially  relative  to 
the  blade  surface.  Since  the  laser  becun  was  blocked  by  the  twist  and  camber  of  the 
blade,  a void,  indicated  as  a blade  shadow  in  the  figures,  appeared  in  the  data  at 
circumferential  locations  near  the  blade  surface.  The  LV  oscillogram  in  Figure  3 shows 
measurements  taken  at  37%  axially  projected  chord  for  the  30%-flow  streamline.  There 
is  clear  indication  of  the  shock  wave  location  and  of  the  pre-shock  and  postshock 
velocity  levels.  The  velocity  component  measured  was  40“  from  axial.  The  shock  wave 
was  usually  more  clearly  detected  using  this  fringe  orientation. 


In  order  to  obtain  the  circumferential  and  axial  velocity  components  which  are  of 
interest,  measurements  at  two  fringe  orientation  angles  were  necessary.  The  radial 
components  of  velocity  were  not  measured.  A schematic  in  Figure  4 shows  the  orienta- 
tion of  the  laser  fringes,  the  two  velocity  components  V^  and  V2  obtained  from  the 
oscillograms,  and  the  vector  diagram  of  the  rotor.  Since  the  LV  measures  the  velocity 
component  perpendicular  to  the  fringes,  the  absolute  velocity,  C,  and  flow  angle,  a, 
are  obtained  by  solving  Equations  (la)  and  (lb)  simultaneously.  This  results  in  Equa- 
tion (2)  for  the  flow  angle,  a.  Numerical  values  for  a and  C are  obtained  from  Equa- 
tion (2)  and  either  Equation  (la)  or  (lb)  by  using  the  measured  velocity  components  Vx 
and  V2  and  the  measured  orientation  angles  of  the  laser  fringes  6x  and  62 • 

Vj^  = C cos  (9i-a)  (la)  V2  “ C cos  (0-62) 

Vj^  cos  02  “ Vj  cos  0j^ 

° Vj  sin  0j  - Vj^  sin  6^ 


(lb) 

(2) 


The  relative  velocity,  W, 
usual  equations  involving 

W = [C2  + u2  - 2UC  sin 


and  the  relative  flow  angle 
the  blade  speed  U, 


al 


1/2 


, 6,  are  then  obtained  from  the 


6 • tan 


U-C  sin  a 
C cos  a 


1 


(3) 


(4) 


Another  method  of  recording  data  is  by  using  the  pulse  height  analyzer.  This 
allows  the  velocity  measurements  to  be  classified,  providing  the  necessary  information 
for  the  construction  of  probability  density  distributions.  These  distributions  are 
particularly  useful  for  jet  plume  turbulence  (acoustic  noise)  studies.  An  example  of 
such  a distribution  is  shown  in  Figure  5.  The  mean  velocity,  V,  can  be  calculated  from 
the  discrete  velocity  samples  by 


V 


All  Class 
Intervals 


f . 
1 

N 


(5) 


where  + W^)/2  is  the  value  of  the  sample  velocity  component  at  the  center  of  the 

class  interval,  fi  is  the  number  of  occurrences  (the  weighting  factor)  of  a classified 
velocity  interval  (such  as  from  100  to  100.5  m/sec)  and  N is  the  total  number  of 
samples  taken.  The  turbulence  velocity,  v' , at  a point  is  found  from  the  standard 
square  root  of  the  statistical  variance. 


(6) 


All  Class 
Intervals 


The  turbulence  level  is  then  v'/V. 

3.0  COMPRESSOR  AND  FAN  APPLICATIONS 

The  General  Electric  Company  is  conducting  research  programs  aimed  at  the  develop- 
ment of  high  performance  turbomachinery  components.  As  part  of  this  effort,  the  laser 
velocimeter  is  being  used  to  provide  detailed  flowfield  measurements  within  the  rota- 
ting blade  rows  of  fans  and  compressors.  Such  measurements  have  proven  to  be  very 
useful  in  mapping  shocic  wave  locations,  in  determining  diffusion  rates  and  in  assessing 
the  performance  of  turbomachinery  blade  rows.  Two  applications  of  the  laser  veloci- 
meter to  these  types  of  flowfield  measurements  are  presented. 

3. 1 Low  Speed  Research  Compressor  Application 

The  Low  Speed  Research  Compressor  (LSRC)  is  an  experimental  facility  which  is  used 
for  testing  the  aerodynamic  characteristics  of  various  compressor  and  fan  designs.  The 
compressor  has  a tip  diameter  of  1.52  m (5  ft)  and  is  mounted  vertically,  as  shown  in 
Figure  6.  A large  flow  straightening  screen  (not  shown) , which  fits  over  the  bell- 
mouth,  was  used  to  ensure  uniform  disturbance-free  flow  into  the  compressor.  The 
discharge  of  the  LSRC  is  covered  with  a large  movable  plate  for  throttling  the  flow. 

The  experiments  were  performed  using  a two-stage  0.5  radius  ratio  compressor  having  an 
average  rotor  tip  speed  of  46  m/sec  (150  ft/sec) . The  laser  measurements  were  confined 
to  the  region  of  the  first  stage  rotor.  The  55  blades  of  this  stage  had  a modified 
NACA  65-Series  thicJtness  distribution  on  a circular  arc  meanline.  At  50  percent  immer- 
sion the  solidity  was  1.61,  the  camber  was  18.2  degrees,  and  the  stagger  angle,  mea- 
sured from  axial,  was  52  degrees. 

The  arrangement  of  the  LV  system  is  also  shown  in  Figure  6.  The  laser,  the  optics 
and  the  photomultiplier  assembly  were  mounted  on  a platform  that  could  be  electrically 
actuated  over  380  mm  (15  in.)  of  radial  distance  and  150  mm  (6  in.)  along  the  compressor 
axis.  In  addition,  it  could  be  rotated  + 90®  about  the  beam  bisector.  Measurements 
were  taken  at  the  entrance  and  exit  planes  of  rotor  1 and  at  various  radial  immersions 
from  the  leading  edge  to  the  trailing  edge  within  the  first  rotor  passage  for  three 
throttle  settings:  wide  open,  mid-range  and  near  stall.  Data  were  recorded  across  a 

blade  pitch  and  were  reduced  using  equations  (l)-(4)  as  discussed  in  Section  2.4. 

Test  Results 


There  were  two  fundamental  objectives  of  the  experimental  program.  The  first  was 
to  make  velocity  (magnitude  and  direction)  measurements  at  those  positions  where  con- 
ventional instrumentation,  such  as  hot  film  anemometers,  pitot  static  probes,  and  flow 
angle  measuring  devices,  could  be  used  for  comparison.  To  carry  out  this  objective, 
velocity  measurements  were  made  at  the  inlet  and  exit  planes  of  the  first  stage  rotor. 
The  velocity  obtained  from  the  laser  velocimeter,  the  hot  film  anemometer  and  the  pitot 
static  probe  all  agreed  generally  within  2 or  3 percent.  An  example  of  these  velocity 
comparisons  across  the  rotor  pitch  at  50%  immersion  for  the  midrange  throttle  setting 
is  shown  in  Figure  7a  for  the  rotor  inlet  plane.  The  velocity  distribution  across  the 
inlet  plane  from  the  pressure  surface  to  the  suction  surface  of  the  rotor  varied  from 
18.3  m/sec  (60  ft/sec)  to  20.5  m/sec  (67.2  ft/sec).  The  pitot  static  and  hot  film 
measurements  fell  within  the  distribution  of  the  LV  measurements.  Good  agreement  was 
also  obtained  between  flow  angles  measured  by  the  LV,  the  tuft  and  the  wedge  angle 
probe.  An  example  of  such  measurements  is  shown  in  Figure  7b  for  the  rotor  exit  plane. 

After  confidence  in  the  laser  velocimeter  measurements  had  been  achieved,  the 
rotor  intra-blade  flow  angles  and  velocities  were  then  measured.  The  data  were  taken 
at  50  percent  radial  immersion  in  equally  spaced  planes  from  the  leading  edge  to  the 
trailing  edge  of  the  rotor.  The  relative  flow  angles  and  velocities  are  shown  in 
Figures  8 and  9a,  b,  and  c.  The  small  solid  circles  in  Figures  9a,  b,  and  c indicate 


PERCENT  ROTOR  BIADE  PITCH  Fig.  8 Relative  flow  angle  measurements 

within  the  first  compressor  rotor  pas- 
Fig,  7 Comparison  of  velocity  and  air  sage  for  the  midrange  throttle  setting 

angle  measurements  across  the  compressor  and  50  percent  immersion.  A6  indicates 

rotor  pitch,  (m/sec  = 0.3048  x ft/sec)  the  flow  turning 


measured  data  points.  Velocity  contour  lines  were  then  drawn  through  the  measured  data 
points  assisted  by  a knowledge  of  general  isobar  shapes  typical  of  the  potential  flow- 
field  about  an  airfoil.  Since  the  laser  beam  was  blocked  by  the  twist  and  camber  of 
the  blade,  a void  appeared  in  the  data  near  the  pressure  surface.  This  void  is  indi- 
cated in  the  figures  by  "blade  shadow".  The  intra-blade  relative  flow  angles  for  the 
mid-range  throttle  show  a smooth  turning  of  the  flow  from  the  entrance  plane  to  the 
exit  plane  with  no  evidence  of  flow  separation;  see  Figure  8.  The  relative  velocity 
measurements,  seen  as  contour  plots  in  Figure  9,  show  the  effects  of  blade  loading  as 
the  compressor  is  throttled  from  wide  open  (Figure  9a)  to  mid-range  (Figure  9b)  to  near 
stall  (Figure  9c) . These  figures  will  be  discussed  in  detail  in  the  next  section. 

Theoretical  Analysis  and  Discussion 

The  flowfield  in  the  first  stage  rotor  passage  was  analyzed  theoretically  by 
applying  Laplace's  Equation  to  an  incompressible,  irrotational , two-dimensional  cas- 
cade. For  these  conditions,  Laplace's  Equation  can  be  written  in  terms  of  the  stream 
function,  V,  as 

^ - 0 17) 

3x  3y'^ 

The  computer  program,  which  also  incorporates  compressibility  corrections,  per- 
formed a relaxation  solution  for  the  stream  function  within  a strip  corresponding  to 
one  rotor  pitch  with  the  airfoil  surfaces  forming  fixed  boundaries.  Solutions  to 
Equation  (7)  were  obtained  for  the  wide  open,  midrange  and  near  stall  throttle  settings 
by  using  the  measured  rotor  inlet  and  exit  flow  angles.  Velocity  components  were  then 
found  by  differentiating  the  stream  function, 

u = II  and  V = - |i  (8) 

The  resultant  velocity  contour  plots  are  shown  in  Figures  9d,  e,  and  f. 

The  overall  qualitative  agreement  between  the  LV  measurements  and  the  potential 
flow  solution  is  quite  good,  as  can  be  seen  by  comparing  Figures  9a,  b,  c and  9d,  e, 
and  f.  For  the  wide  open  throttle  in  Figures  9a  and  9d,  the  peak  velocity  on  the 
suction  surface  occurs  near  the  45*  chord  point  as  measured  from  the  leading  edge. 

Also  the  contours  around  the  leading  edge  compare  favorably.  When  the  compressor  is 
throttled  to  the  midrange  setting,  the  location  of  the  peak  velocity  on  the  suction 
surface  moves  toward  the  leading  edge;  see  Figures  9b  and  9e.  Again  the  contours 
around  the  leading  edge  and  the  free  stream  velocity  contour  of  130  ft/sec  compare 
favorably.  For  the  near  stall  throttle  settings.  Figures  9c  and  9f,  the  position  of 
peak  velocity  has  moved  very  near  the  leading  edge. 

Examination  of  Figure  9 from  approximately  the  mid-chord  point  to  the  trailing 
edge  reveals  that  more  diffusion  occurs  in  the  potential  flow  analysis  than  is  present 
in  the  experimental  results.  The  local  diffusion  parameter  [19]  is  defined  as 

V - V . 

„ _ max  exit 

I ~ V ' ' 


where  Vmax  maximum  suction  surface  velocity  and  Vexit  is  the  rotor  exit  veloc- 

ity. Based  on  the  velocity  contours  in  Figure  9,  the  experimental  and  potential  flow 
Dj^  values  are  respectively  0.24  and  0.28  for  the  wide  open  throttle,  0.29  and  0.34  for 
the  midrange  throttle  and  0.35  and  0.42  for  the  near  stall  throttle.  Thus  the  poten- 
tial flow  analysis  has  over-estimated  the  amount  of  diffusion  by  about  17*  for  the  wide 

open  and  midrange  throttles  and  20*  for  the  near  stall  throttle.  This  overestimate  is, 

of  course,  primarily  due  to  the  fact  that  boundary  layer  growth  and  flow  separation 
were  not  incorporated  into  the  flow  model.  Thus  the  use  of  the  LV  for  determining 

"calibration  factors"  for  potential  flow  cascade  models  appears  feasible. 

Additional  information  on  this  test  program  is  given  in  Reference  11. 

3.2  High  Speed  Fan  Application 

As  part  of  another  comprehensive  test  program,  the  laser  velocimeter  was  used  to 
determine  shock  wave  locations  and  to  make  gas  velocity  measurements  within  the  rotating 
blade  row  of  an  advanced  550  m/sec  (1800  ft/sec) -tip  speed  fan  rotor,  shown  schemat- 
ically in  Figure  10.  The  rotor  contained  30  titanium  blades  having  an  inlet  tip  diame- 
ter of  559  mm  (22  in.)  and  a radius  ratio  of  0.45.  The  rotor  tip  solidity  was  1.27  and 
the  stagger  angle  was  72®.  There  were  26  variable  IGV's  and  48  variable  stators  in  the 
assembly.  The  fan  was  tested  in  the  General  Electric  Scale  Model  Test  Facility  at 
Evendale,  Ohio.  The  tests  were  conducted  at  an  inlet  pressure  of  0.55  atmosphere  and 
an  inlet  temperature  of  32°  C (-90*  F) . A flow  straightening  screen  and  bellmouth  (not 
shown  in  the  figure)  were  used  to  ensure  uniform  disturbance  - free  flow  into  the  fan. 

The  laser,  the  optics  and  the  photomultiplier  assembly,  also  shown  in  Figure  10, 
were  enclosed  in  a cylindrical  housing  that  could  be  electrically  actuated  over  38  mm 
axially,  150  mm  radially  and  + 90  deg  about  the  beam  bisector.  Measurements  were  taken 
from  the  leading  edge  to  the  trailing  edge  within  the  fan  rotor  passage  for  the  opera- 
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ting  line  and  the  near-stall  throttle 
settings.  The  three  radial  immersions 
surveyed  were  the  10*-,  30*-  and  50*-flow 
streamlines  (approximately)  where  0*-flow 
represents  the  outer  casing.  Typical 
oscillograms  showing  LV  measurements  for 
this  test  have  previously  been  presented 
in  Figure  3.  There  is  clear  indication  in 
this  oscillogram  of  the  shoc)c  wave  location 
and  of  the  pre-shoc)c  and  post-shock  velocity 
levels.  The  data  were  reduced  using 
equations  (l)-(4)  as  discussed  in  Section 
2.4. 

Test  Results 

The  flowfields  obtained  from  the  LV 
measurements  along  the  10*-flow  streamline 
for  the  operating  line  and  the  near-stall 
throttle  settings  at  100%  corrected  speed 
are  shown  in  Figures  11a  and  11b  respec- 
tively. On  Figure  11  the  small  arrows  are 
drawn  to  scale  and  indicate  the  direction  of  the  flow.  Each  "tick"  mark  below  an  arrow 
represents  152  m/sec  (500  ft/sec) . For  the  operating  line  condition  shown  in  Figure 
11a,  there  are  two  shocks  in  the  rotor  passage.  The  first  shock  is  an  oblique  shock. 

Due  to  window  contamination,  measurements  of  this  shock  location  could  not  be  obtained 
near  the  leading  edge;  however,  the  data  that  were  obtained,  when  extrapolated,  indi- 
cate that  the  first  shock  was  oblique.  The  second  shock  is  approximately  a normal 
shock  originating  on  the  pressure  surface  at  about  60*  chord  from  the  leading  edge. 

The  normal  shock  is  positioned  outside  the  passage  well  past  the  trailing  edge  of  the 
adjacent  blade.  The  measured  flow  velocity  entering  the  oblique  shock  is  about  510 
m/sec  (1675  ft/sec) . The  flow  turning  and  supersonic  Mach  number  behind  the  oblique 
shock  as  well  as  the  subsonic  flow  behind  the  normal  shock  are  clearly  shown  by  the 
measurements.  It  is  recognized  that  the  velocity  jump  across  the  normal  shock  does  not 
follow  the  classical  normal  shock  relations.  This  difference,  verified  by  over-the- 
rotor  pressure  measurements,  may  result  from  the  three  dimensional  nature  of  the  flow 
in  which  the  shock  is  not  normal  in  the  plane  in  which  the  measurements  are  made,  but 
is  rather  curved  in  the  radial  direction. 

At  the  near-stall  throttle  setting  shown  in  Figure  lib,  the  higher  back  pressure 
has  eliminated  the  second  strong  shock  and  pushed  the  leading  edge  shock  upstream  in 
the  rotor  passage.  The  measured  velocity  entering  the  shock  is  about  521  m/sec  (1710 
ft/sec)  which  has  been  reduced  from  the  inlet  velocity  of  about  533  m/sec  (1750  ft/ sec) 
by  the  precompression  on  the  suction  surface.  The  shock  is  still  mostly  oblique  and  is 
pulled  back  into  the  passage.  It  is  nearly  attached  to  the  leading  edge,  indicating 
that  rather  little  flow  spillage  has  occurred.  The  flow  at  the  near-stall  condition  is 
slightly  less  than  at  the  operating  line,  so  not  much  flow  spillage  would  be  expected. 

The  post-shock  velocity  is  very  slightly  supersonic,  M*1.06,  decelerating  to  subsonic 
Mach  numbers  with  no  evidence  of  a shock  of  any  significant  strength.  The  flow  con- 
tinues to  decelerate  in  the  enlarging  passage  and  exits  from  the  rotor  at  a subsonic 
Mach  number. 

The  flowfields  for  the  30*-and  50%-flow  streamlines,  shown  in  Figures  11c,  d,  e, 
and  f are  qualitatively  the  same  as  those  for  the  10*  flow  streamline.  There  is  an 
acceleration  of  the  flow  behind  the  oblique  shock  shown  in  Figure  11c  which  is  caused 
by  an  expansion  on  the  pressure  surface.  In  addition,  the  normal  shock  has  moved 
closer  to  the  trailing  edge  of  the  adjacent  blade  in  Figure  11c  and  has  moved  into  the 
rotor  passage  in  Figure  lie.  Due  to  window  contamination,  measurements  could  not  be 
obtained  forward  of  the  50*-chord  point;  consequently,  an  assumed  oblique  shock  is 
shown  as  a dashed  line  for  graphic  presentation.  The  near-stall  flowfields  shown  in 
Figures  lid  and  Ilf  are  qualitatively  the  same  as  that  shown  in  Figure  lib,  except  that 
the  Mach  numbers  behind  the  shock  are  more  clearly  subsonic. 

In  summary,  the  measurements  at  the  operating  line  show  a distinct  two-shock 
system  in  the  rotor  that  exists  at  least  to  the  pitchline  radial  immersion  and  probably 
beyond.  In  contrast,  at  the  near  stall  condition  a single  shock  system  is  present  in 
the  rotor.  In  all  cases  the  flow  exits  the  rotor  at  subsonic  Mach  numbers. 

Theoretical  Analysis 

In  order  to  determine  the  consistency  between  the  experimental  measurements  and 
the  analytical  prediction  of  the  rotor  flowfield,  a time  dependent  calculation  pro- 
cedure and  a method  of  characteristics  analysis  of  the  rotor  flowfield,  were  carried 
out.  These  procedures  are  discussed  below. 

A numerical  procedure  has  been  developed  at  General  Electric  by  P.R.  Gliebe  for 
computing  inviscid  transonic  flowfields  in  turbomachinery  cascades.  The  procedure  uses 
a finite  difference  scheme  to  solve  the  time-dependent  conservation  equations  of  mass, 
momentum  and  energy  written  in  cylindrical  coordinates  relative  to  a rotor  rotating 
with  angular  speed  u.  With  the  time  dependent  computation  (TDC)  approach,  the  steady- 
state  solution  of  these  equations  is  obtained  as  the  asymptotic  limit  for  large  times 
of  an  initial  flow  distribution  which  is  allowed  to  vary  with  time.  The  solution  is 


Fig.  10  Illustration  showing  the  laser 
velocimeter  and  the  high-speed  fan  test 
vehicle. 
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Fig,  11  Comparison  of  fan  intrarotor  LV  velocity  measurements  for  the  operating  line 
and  near  stall  throttle,  100  percent  corrected  speed.  Velocity  is  in  ft/sec,  conver- 
sion factor  (m/sec  = 0 . 3048  x ft/sec) 
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Fig,  12  Comparison  of  analytical  and  experimental  fan  velocity  contours  for  the  10%, 
30%  and  50%  flow  streamlines,  100  percent  corrected  speed,  operating  line  throttle, 
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updated  at  small  time  intervals  until  changes  in  the  solution  are  no  longer  signifi- 
cant, at  which  time  the  flow  field  is  considered  to  have  reached  its  steady-state  con- 
dition. The  main  advantage  of  this  procedure  over  other  iterative  solution  methods  is 
its  capability  for  accommodating  the  mixed  subsonic  and  supersonic  flows  typical  of 
high-speed  turbomachines.  When  shock  formations  appear  in  the  solution,  they  are 
treated  by  modeling  them  as  rapid  but  continuous  changes  in  flow  properties  through  use 
of  the  "artificial-viscosity"  technique  described  in  Reference  [20] . 

The  effects  of  boundary  layer  growth  are  also  incorporated  into  the  solution.  At 
selected  time  steps  during  the  development  of  the  inviscid  flow,  the  boundary  layer 
displacement  thickness  on  the  blade  surface  is  calculated,  based  on  the  "current"  blade 
surface  inviscid  pressure  distributions,  by  using  the  Stratford  and  Beavers  Boundary 
Layer  Method  discussed  in  Reference  [21].  A new  effective  geometry  is  determined  from 
the  displacement  thickness.  A simple  method  for  handling  the  boundary  layer  wake  which 
accounts  for  effective  flow  area  reduction  was  formulated.  The  displacement  thickness 
is  made  to  vary  linearly  from  its  trailing  edge  value  to  a value  equal  to  the  trailing 
edge  momentum  thickness  at  the  downstream  boundary. 

The  TDC  predictions  of  the  rotor  flowfield  were  computed  for  the  three  radial 
immersions  using  the  design  values  for  the  blade  geometry  and  upstream  inlet  conditions 
(relative  Mach  number  and  absolute  and  relative  flow  angles) . The  upstrecun  inlet  con- 
ditions computed  from  the  experimental  measurements  were  equal  to  the  design  values 
within  experimental  accuracy.  The  measured  value  of  downstream  static  pressure  was 
input  as  the  exit  condition.  At  the  upstream  boundary  angular  momentum  (rC^) , stagna- 
tion enthalpy  and  entropy  are  held  constant  for  each  time  step.  At  the  downstream 
boundary  static  pressure  is  held  constant.  The  program  puts  the  trailing  edge  stagna- 
tion point  at  the  trailing  edge.  This  is  sufficient  information  to  determine  the  down- 
strecun  vector  diagreun.  The  blade-to-blade  flow  field  on  the  stream  surface-of-revolu- 
tion  is  computed  and  circumferentially  averaged  flow  properties  through  the  cascade  are 
then  calculated.  Annulus  contraction  in  the  flowfield  was  taken  into  account  by  modify- 
ing blade  stream  surface  thickness  using  a variable  Icunina  thickness  as  discussed  in 
Reference  12.  The  TDC  calculations  were  made  with  a 50  x 15  grid  requiring  approxi- 
mately 1700  time  steps  to  converge.  The  procedure  yields  solutions  which  satisfy  mass 
and  momentum  conservation  within  4%. 

The  supersonic  portion  of  the  rotor  flowfield  was  also  determined  analytically  by 
using  General  Electric's  Method  of  Characteristics  (MOC)  computer  program.  This  pro- 
gram solves  the  steady  state  conservation  equations  using  the  method  of  characteristics. 
In  addition  it  includes  provisions  for  automatic  initiation  and  reflection  of  oblique 
shock  waves  in  the  flowfield  and  for  a variable  Icunina  thickness  as  described  in  the 
previous  section.  The  MOC  calculations  were  performed  within  a strip  corresponding  to 
one  rotor  pitch  with  the  airfoil  surfaces  forming  the  fixed  boundaries.  A right  char- 
acteristic running  from  the  suction  surface  of  the  rotor  to  the  leading  edge  of  the 
adjacent  blade  was  used  as  an  inlet  line  to  start  the  calculations.  With  Mach  number, 
flow  angle  and  initial  oblique  shock  jump  conditions  provided  along  this  line,  the 
calculations  were  continued  downstream  until  subsonic  flow  appeared. 

Analytical  and  Experimental  Comparisons 

Analytical  predictions  of  the  flowfield,  obtained  by  using  both  the  time  dependent 
computations  (TDC)  discussed  in  the  previous  section,  and  the  method  of  characteristics 
(MOC)  for  the  supersonic  portions  of  the  flow  are  compared  with  the  laser  velocimeter 
results  in  Figure  12.  These  comparisons  are  presented  as  velocity  contours.  The  shock 
wave  locations  indicated  by  the  LV  and  by  the  MOC  calculations  are  superimposed  on  the 
TDC  results.  The  dashed  lines  near  the  blade  surface  in  the  figures  show  the  magnitude 
of  the  calculated  displacement  thickness. 

The  comparison  of  the  operating  line  analytical  and  experimental  velocity  contours 
for  the  10%  flow  streamline  at  100%  corrected  speed  are  presented  in  Figure  12a,  and  b. 
The  TDC  results  in  Figure  12a  show  a two-shock  system  that  is  consistent  with  the  LV 
measurements.  The  TDC  results  also  show  the  precompression  region  on  the  suction 
surface,  the  region  of  the  oblique  shock,  the  deceleration  of  the  flow  across  the 
oblique  shock,  the  acceleration  (expansion)  of  the  flow  around  the  pressure  surface, 
the  normal  shock  outside  the  passage  and  the  subsonic  flow  behind  the  normal  shock. 

There  is  good  agreement  between  the  magnitude  of  the  analytical  and  experimental  velocity 
contours  shown  in  Figures  12a  and  12b  respectively. 

The  location  of  the  oblique  shock  indicated  by  th«  LV  in  Figure  12a  is  in  gooa 
agreement  with  that  indicated  by  the  TDC  results.  Although  the  location  of  the  normal 
shock  indicated  by  the  LV  is  somewhat  upstream  of  the  TDC  predictions,  the  agreement  is 
considered  to  be  satisfactory. 

The  oblique  shock  angle  computed  in  the  MOC  analysis  is  the  same  as  that  measured 
by  the  LV  although  the  MOC  shock  is  slightly  downstream.  The  MOC  analysis  shows  that 
the  oblique  shock  is  reflected  from  the  suction  surface,  strikes  the  pressure  surface 
and  is  again  reflected.  There  is  no  evidence  of  the  reflected  shock  in  the  LV  data 
either  because  the  shock,  if  present,  is  very  weak,  or  because  the  LV  was  not  oriented 
in  a manner  that  would  detect  it.  Similarly  there  is  little  evidence  of  the  reflected 
shock  in  the  TDC  predictions,  probably  due  to  the  grid  orientation  and  size.  The  MOC 
analysis  indicates  that  subsonic  flow  would  be  obtained  at  approximately  the  same 
location  as  predicted  by  the  TDC  results. 


similar  analytical  and  experimental  comparisons  are  made  for  the  30%-  and  50%-flow 
strecunlines  in  Figures  12c,  d and  12e,  f respectively.  The  agreement  in  these  com- 
parisons is  also  reasonably  good.  The  TDC  predictions  show  that  the  normal  shock  moves 
toward  the  trailing  edge  of  the  adjacent  blade  in  Figure  12c  and  finally  into  the  pas- 
sage in  Figure  12e.  The  agreement  between  the  magnitude  of  the  velocity  contours  is 
also  good. 

Although  reasonably  good  agreement  between  the  analytical  and  experimental  results 
has  been  demonstrated,  significantly  better  agreement  should  probably  not  be  expected 
because:  (1)  the  analytical  models  do  not  include  three-dimensional  effects,  and  (2) 

shock-induced  boundary  layer  separation  and  the  resultant  thickening  of  the  boundary 
layer  is  not  incorporated  in  the  calculations  (although  a boundary  layer  displacement 
thickness  model  is  incorporated),  (3)  the  lamina  thickness  in  the  TDC  and  MOC  models 
varied  only  in  the  axial  direction,  (4)  all  of  the  losses  in  the  flowfield  could  not  be 
determined  and  modeled,  and  (5)  the  LV  system  has  inaccuracies  associated  with  posi- 
tioning the  measuring  zone  and  reducing  the  data. 

Additional  information  is  presented  in  Reference  12. 

4.0  TURBINE  APPLICATIONS 

Modern  aircraft  gas  turbine  engines  often  employ  advanced,  highly-loaded,  single- 
stage  high  pressure  turbines  and  highly  loaded  low  pressure  turbines.  As  a result  of 
this  advancement  of  turbine  technology,  losses  associated  with  transonic  and  supersonic 
flow  in  the  blading,  secondary  flow  effects  and  cooling  air  injection  have  become  more 
important  and  applied  research  programs  to  reduce  them  have  been  undertaken.  As  a part 
of  this  effort,  the  laser  velocimeter  is  being  used  to  investigate  the  complex  flow 
fields  within  turbine  rotors. 


Test  Program 


Turbine  component  and  development  testing  is  conducted  in  the  General  Electric 
Warm  Air  Turbine  Test  Facility,  a dual  purpose  facility  capable  of  evaluating  either 
high  pressure  turbine  or  fan  drive  turbine  performance.  The  facility  will  accommodate 
turbine  configurations  ranging  from  a minimum  hub  dieuneter  356  mm  (14  in)  up  to  a 
maximum  tip  diameter  of  81  mm  (32  in)  with  operational  capabilities  up  to  11,200  kw 
(15,000  horsepower)  at  15,000  rpm. 


For  the  test  program  being  described,  a research  turbine  having  94  blades  was 
tested  at  7550  rpm  with  inlet  conditions  of  422“  K (760“  R)  and  41.4  KPa  (60  psi) . The 
laser  velocimeter  was  mounted  in  a manner  similar  to  that  described  in  Section  3.2  in 
order  that  axial,  radial  and  circumferential  traverses  of  the  flowfield  could  be 
obtained.  The  flow  was  seeded  with  magnesium  oxide  particles  having  a diameter  of  1 
micron  or  less.  The  LV  measurements  were  reduced  using  equations  (l)-(4)  as  discussed 
in  Section  2.4. 
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Fig.  13  Comparison  of  LV  velocity  mea- 
surements and  analytical  results  obtained 
within  a turbine  rotor  passage 


4 . 2 Test  Results 

A typical  turbine  rotor  flowfield  ob- 
tained from  the  LV  measurements  is  shown 
in  Figure  13.  The  solid  arrows  in  the 
figure  represent  the  LV  vector  measurements 
in  magnitude  and  direction.  The  dashed 
arrows  represent  the  corresponding  results 
obtained  from  time-dependent  calculations 
similar  to  those  discussed  in  Section  3.2. 

A calculated  flow  streamline  and  a calcu- 
lated particle  path  for  a 1 micron  diameter 
MgO  particle  are  also  shown  in  the  figure. 

There  is  good  agreement  between  the 
LV  measurements  and  the  analytical  predic- 
tions at  the  rotor  inlet.  As  one  proceeds 
to  axial  measurement  planes  downstream  of 
the  inlet,  the  agreement  remains  reasonably 
good  near  the  pressure  surface  of  the 
blade.  However  from  the  suction  surface 
to  beyond  mid-pitch  in  the  high  turning 
region  of  the  blade,  the  inertia  of  the 
particles  apparently  causes  them  to  lag; 
consequently,  there  are  larger  differences 
between  the  LV  measurements  and  the  analyti- 
cal predictions  in  this  high  turning 
region.  At  the  exit  plane  the  particles 
have  had  a chance  to  make  up  the  turning 
(although  not  completely  near  the  suction 
surface) , and  the  overall  flow  turning 
determined  from  the  LV  measurements  is  in 
fair  agreement  with  the  turning  predicted 
by  the  analytical  model. 
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Since  flow  seeding  was  used  to  obtain  LV  measurements,  particle  trajectory  calcu- 
lations were  performed  in  an  attempt  to  follow  a 1 micron  diameter  particle  through  the 
rotor  flowfield.  These  results  are  compared  with  a flow  streamline  in  Figure  13.  The 
particle  and  the  streamline  do  not  start  at  the  same  location  in  the  rotor  inlet  plane 
because  the  particle  was  assumed  to  have  entered  the  flow  upstream  of  the  preceeding 
vane  and  some  migration  of  the  particle  relative  to  the  streamline  has  already  occurred. 
Two  questions  arise.  First,  where  does  the  particle  go?  And  secondly,  when  the  par- 
ticle gets  there,  how  well  does  its  velocity  compare  with  the  local  flow  velocity  at 
that  point?  To  answer  the  first  question,  the  results  in  Figure  13  indicate  that  the 
particle  path  can  migrate  substantially  from  the  streamline.  This  result,  coupled  with 
the  fact  that  reasonably  large  amounts  of  cooling  flow  were  injected  into  the  flow 
along  the  suction  surface,  would  explain  why  there  is  a void  in  measurements  near  the 
suction  surface.  However,  in  answer  to  the  second  question,  the  particle  trajectory 
analysis  indicates  that  even  though  the  1 micron  particle  migrates,  it  is  still  able  to 
represent  the  local  flow  velocity  reasonably  well  at  that  point.  The  deviation  in  the 
high  turning  region  between  the  LV  measurements  and  the  analytical  predictions  are 
larger  than  would  be  predicted  by  the  1 micron  diameter  particle  trajectory  analysis. 
Consequently  it  is  believed  that  the  MgO  seed  particles  clumped  together  forming  par- 
ticles of  at  least  2 or  3 microns  in  dieuneter  and  the  LV  measurements  were  obtained 
from  these  particles. 

Overall  the  results  are  quite  encouraging  and  work  is  still  continuing  in  the 
analysis  of  this  data. 


5. 0 JET  NOISE  (ACOUSTICS)  APPLICATIONS 

With  the  advent  of  larger  and  more  powerful  commercial  and  military  aircraft  pro- 
pulsion systems,  it  has  become  increasingly  important  to  improve  the  general  community 
environment  affected  by  these  systems.  Consequently  General  Electric  has  conducted  a 
number  of  major  research  programs  aimed  at  improving  this  environment,  and  in  particu- 
lar aimed  at  understanding  the  mechanisms  of  noise  generation  and  reduction.  In  one 
such  program,  sponsored  jointly  by  the  US  Air  Force  and  Department  of  Transportation, 
an  investigation  of  supersonic  jet  exhaust  noise  was  undertaken  to  develop  a mathe- 
matical model  capable  of  providing  aeroacoustic  design  data  for  future  supersonic  jet 
exhaust  noise  suppressors.  As  a part  of  this  program  reported  in  Reference  22,  a com- 
prehensive turbulent  mixing  aeroacoustic  model  was  developed  which  is  capable  of 
computing  detailed  aerodynamic  flow  properties  such  as  velocity  (mean  and  turbulent) , 
pressure,  temperature,  density  and  length  scale  of  turbulence  as  well  as  the  main 
acoustic  properties  such  as  overall  sound  power  level,  power  spectra,  overall  sound 
pressure  level,  sound  pressure  level  spectra  and  jet  directivity.  The  computational 
scheme  was  designed  to  yield  acoustic  predictions  based  on  aerodynaunic  input  which  can 
be  computed  or  measured.  It  is  at  this  point  that  the  General-Electric-developed  laser 
velocimeter  was  utilized.  The  LV  provides  a means  of  measuring  the  flow  properties  of 
high  velocity/high  temperature  jets  without  disturbing  the  flow.  It  also  provides  an 
accurate  method  of  measuring  not  only  rms  mean  velocity  and  turbulent  velocity  dis- 
tributions but  also  of  obtaining  spectral  and  cross-correlation  type  of  information 
which  is  important  for  direct  noise  source  location.  A brief  discussion  of  the  LV 
measurements  obtained  in  this  study  is  presented  in  the  following  sections.  The  ex- 
tensive test  results  and  the  LV-to-far-field  cross-correlation  experiments  are  pre- 
sented in  References  22  and  23. 

5. 1 Laser  Velocimeter  Mean  and  Turbulence  Velocity  Measurements 

The  laser  velocimeter  measurements  were  taken  in  the  jet  exhaust  of  General 
Electric's  Jet  Acoustics  Test  Facility.  This  facility  provides  for  testing  of  a wide 
variety  of  interchangeable  exhaust  nozzles  using  gas  temperatures  ranging  from  ambient 
to  3000°  K and  using  pressure  ratios  of  up  to  about  4.  Two  nozzles  were  used  in  the 
tests  described  below:  a converging-diverging  nozzle  producing  subsonic  flow  and 

shock-free  supersonic  flow  and  an  underexpanded  conical  nozzle  producing  shocks  in  the 
flow.  The  exit  diameter  of  both  nozzles  was  152  mm  (6  in) . 

Velocity  measurements  were  obtained  as  probability  density  distributions  and  the 
data  were  reduced  by  using  the  statistical  techniques  discussed  in  Section  2.4  to  com- 
pute mean  values  and  standard  deviations  (mean  velocity  and  turbulence  velocity)  respec- 
tively. The  data  were  obtained  at  various  axial  stations  along  the  jet  centerline 
(radius  of  measurement  plane/diameter  of  jet  £ r/D  = 0)  and  along  a line  having  a value 
of  r/D  = 0.5.  Typical  mean  and  turbulent  LV  velocity  measurements  for  the  ambient  sub- 
sonic jet  are  compared  with  hot  film/hot  wire  measurements  in  Figure  14a  and  b.  Very 
good  agreement  between  the  LV  and  the  hot  film/hot  wire  measurements  is  obtained  for 
the  subsonic  jet.  LV  measurements  of  mean  velocity  and  turbulent  velocity  were  then 
obtained  for  the  high-temperature  833“  K (1500°  R)  supersonic  flow  exiting  from  the 
convergent-divergent  nozzle.  The  results  are  presented  in  Figure  14c  and  d.  In  both 
Figures  14a  and  14c  the  existence  of  the  extended  potential  core  is  evident.  Also,  the 
difference  in  the  turbulence  distributions  between,  the  subsoiflc  and  supersonic  jet  can 
be  seen  by  comparing  Figure  14b  and  d. 

Further  experimental  measurements  were  obtained  using  the  converging-diverging 
shock-free  nozzle  flow  and  the  shocked  conical  nozzle  flow.  For  both  cases  the  exit 
Mach  number  of  the  jet  was  1.55  and  the  total  temperature  was  833°  K (1500°  R) . Radial 
profiles  of  mean  axial  velocities  were  obtained  for  various  axial  positions,  X,  in  the 
jets  of  both  nozzles.  The  results,  presented  in  Figure  15a  and  b,  are  plotted  using  a 
parameter,  n,  which  collapses  all  of  the  data  onto  one  curve  and  clearly  defines  the 
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jet  boundary  and  shear  layer  at  r*rp.  For  the  conical  nozzle  case.  Figure  15b,  the 
underexpansion  in  the  jet  boundary  is  apparent  as  the  value  of  normalized  mean  velocity 
becomes  greater  than  1.0  in  the  expansion  region  near  the  jet  exit  plane  (X/D  > 2). 

Radial  profiles  of  normalized  turbulence  velocity  for  the  converging-diverging 
nozzle  were  computed  from  the  LV  measurements  using  the  statistical  methods  discussed 
in  Section  2,4.  These  normalized  turbulence  velocity  profiles,  shown  in  Figure  16,  are 
plotted  as  a function  of  the  same  variable  n which  was  used  in  the  previous  figure  to 
collapse  all  the  profiles  onto  one  curve.  The  peak  turbulence  (maximum  shear)  is 
clearly  seen  to  occur  at  the  jet  boundary,  r=rQ. 

These  results  demonstrate  the  ability  of  the  LV  to  define  the  aerodynamic  velocity 
field  of  jets,  providing  the  necessary  aerodyneunic  input  to  the  aero-acoustic  computer 
program  discussed  at  the  beginning  of  Section  5.0. 

5. 2 Turbulence  Spectra  and  Noise  Source  Location 

To  construct  turbulence  spectra  from  the  LV  presents  a difficulty  not  encountered 
with  continuous-type  measurement  instrumentation.  Conventional  spectra  estimation  tech- 
niques assume  that  all  values  of  the  input  signal  are  known  in  the  analysis  interval. 
Such  knowledge  is  not  available  at  the  LV  output.  To  overcome  this  problem,  it  is 
necessary  to  reconstruct  the  autocorrelation  function  of  the  velocity  signal,  then 
obtain  the  spectrum  as  its  Fourier  transform.  These  techniques  were  used  to  obtain  the 
axial  component  of  turbulent  velocity  spectra  for  ambient  subsonic  jets  as  well  as 
sonic  heated  jets.  The  reconstruction  of  the  spectra  from  LV  measurements  is  compared 
to  that  using  hot  film  measurements  in  Figure  17.  The  results  are  quite  encouraging. 

The  techniques  developed  for  obtaining  cross-correlation  between  LV  in-jet  mea- 
sured velocity  and  far-field  microphone  acoustic  pressure  measurements  have  been  demon- 
strated and  the  results  are  discussed  in  References  22  and  23. 


Fig.  18  Comparison  of  experimental  and 
analytical  streamlines  and  velocity  con- 
tours for  the  bellmouth  inlet  flowfield, 
velocity  is  in  ft/sec,  (m/sec  = 0.3048  x 
ft/sec) 


5 . 3 Engine  Test  Program 

The  laser  velocimeter  has  been  used  to 
make  jet  exhaust  measurements  during  engine 
test  programs  being  conducted  at  the  General 
Electric  outdoor  test  complex  at  Peebles, 
Ohio.  Measurements,  similar  to  those  de- 
scribed in  Section  5.1,  were  obtained  in 
the  exhaust  of  the  J79  engine  and  in  the 
fan  and  core  exhausts  of  an  experimental 
high  bypass  turbofan  engine. 

6.0  MASS  FLOW  AND  CALIBRATION  MEASUREMENTS 

An  accurate  measurement  of  mass  flow 
in  turbomachinery  test  facilities  is  quite 
important.  Consequently,  a test  program 
was  initiated  to  determine  the  feasibility 
of  using  the  laser  velocimeter  to  provide 
an  independent  determination  of  flow  rates 
in  a manner  that  would  not  introduce  any 
distortion  into  the  turbomachinery  test 
facility.  The  test  program  was  conducted 
using  a small-scale,  calibrated  bellmouth 
inlet.  LV  measurements  were  taken  in 
radial  planes  at  various  axial  positions 
in  the  flowfield  ahead  of  the  inlet. 
Analytical  predictions  of  the  flowfield 
were  made  and  the  LV  data  were  correlated 
with  these  predictions  in  order  to  compute 
mass  flow.  The  LV  data  were  obtained  in 
the  form  of  probability  density  distribu- 
tions and  were  reduced  using  the  techniques 
described  in  Section  2.4.  The  velocity 
and  flow  angle  were  obtained  from  the 
measured  components  using  equations  1 and 
2.  Static  pressure  measurements  were  also 
taken  in  the  inlet  throat  in  order  to 
determine  mass  flow.  In  addition,  a 
potential  flow  model  of  the  inlet  flow- 
field  was  established  using  standard 
General  Electric  computer  programs  avail- 
able for  subsonic  compressible  flow. 


Ill-  ■ 


The  LV  measurements  and  the  analytical  determination  of  the  flowfield  are  pre- 
sented in  Figure  18  in  the  form  of  velocity  vectors,  flow  streamlines  and  lines  of  con- 
stant velocity.  The  good  agreement  obtained  between  the  LV-velocity  vectors  and  the 
analytical  streamlines  and  between  the  velocity  magnitude  measurements  and  the  analyti- 
cal velocity  contours  is  evident  in  the  figure.  The  LV-determined  mass  flow  was  0.209 
kg/sec  (0.460  Ibm/sec)  while  the  nozzle  throat  measurements  of  static  pressure  yielded 
0.212  kg/sec  (0.467  Ibm/sec).  Further  refinement  of  the  data  is  still  in  progress. 

The  laser  velocimeter  is  also  being  used  to  calibrate  an  annular  cascade  designed 
for  airfoil  aeroelastic  instability  studies.  Radial  and  circumferential  surveys  of 
velocity  (magnitude  and  direction)  are  being  made  in  the  cascade  over  a range  of  sub- 
sonic and  transonic  Mach  numbers. 


7. 0 AREAS  REQUIRING  FURTHER  DEVELOPMENT 

In  the  practical  application  of  laser  velocimetry  to  the  turbomachinery  environ- 
ment, it  must  be  remembered  that  this  environment  is  different  from  the  somewhat  well- 
controlled  conditions  of  the  wind  tunnel  or  research  laboratory.  For  example,  the  use 
of  the  LV  to  obtain  jet  exhaust  measurements  at  outdoor  engine  test  sites  presents  a 
challenging  set  of  environmental  problems  which  include  high  noise  and  vibration  levels, 
high  exhaust  temperatures  and  products  of  combustion  in  the  core  exhaust  stream.  In 
component  and  scale  model  testing  the  general  approach  has  been  to  adapt  the  LV  system 
to  the  specific  hardware  and  flow  situation,  wherever  possible,  rather  than  to  modify 
the  hardware.  In  such  testing  the  experimentalist  has  had  to  deal  with  a number  of 
problem  areas  which  include:  accessibility  to  the  flowfield,  clouding  and  dirt  collec- 

tion on  optical  windows,  measurements  close  to  solid  surfaces,  mersurement  accuracy  and 
economics  of  operation.  These  problem  areas,  which  are  receiving  further  attention, 
are  discussed  in  the  following. 

Complete  optical  access  to  the  flowfield  is  often  limited  in  turbomachinery  appli- 
cations. As  discussed  previously  in  Section  2.1,  a forward-scattering  system  would 
require  the  optical  axis  to  pass  through  blades,  discs,  shafts,  etc,  which  is  not 
possible.  Consequently,  the  back-scatter  mode  is  used  even  though  there  is  a substan- 
tial decrease  in  signal-to-noise  ratio.  Also  the  optical  path  is  often  blocked  by  tip 
shrouds  or  part  span  shrouds  and  optical  accessibility  is  often  hindered  by  the  twist 
and  camber  of  the  blades  which  results  in  a "shadow"  problem.  These  types  of  access 
problems  have  generally  been  solved  by  using  a reorientation  of  the  optical  axis. 
However,  a remote-controlled  actuation  system  for  reorientation  is  complicated  and 
expensive.  Another  real  accessibility  problem  has  been  the  clouding  and  dirt  collec- 
tion on  optical  windows  by  seed  materials  and  other  contaminants.  This  problem,  which 
also  presents  signal  resolution  difficulties,  has  been  greatly  reduced  by  employing 
ingenious  window  protection  procedures  during  testing. 

Making  measurements  in  close  proximity  to  solid  surfaces,  where  reflected  light 
tends  to  completely  dominate  the  back-scattered  flow  signal,  presents  another  diffi- 
culty. In  some  cases  this  swamping  has  been  reduced  by  using  selective,  non-ref lective 
wave  length  coatings  or  by  a reorientation  of  the  optical  axis.  Measurements  have  been 
made  as  close  as  0.75  cm  (0.3  inch)  from  solid  surfaces  and  in  some  cases,  by  using 
special  techniques,  at  the  boundary.  Photomultiplier  tube  saturation,  and  a subsequent 
recovery  problem,  results  when  the  rotor  blade  tips,  or  blade  surfaces,  pass  through 
the  measurement  zone  and  reflect  laser  light  back  to  the  phototube.  If  the  phototube 
recovery  time  is  small  compared  to  the  blade- to-blade  passing  time,  this  does  not  pre- 
sent a significant  problem.  When  there  is  a problem,  a gating  system  can  be  employed. 

The  accuracy  of  LV  measurements  is  influenced  by  a number  of  factors:  the  size  of 
the  measurement  volume,  ability  of  particles  to  track  the  flow,  particle  agglomeration, 
the  degree  of  turbulence  and  the  size  of  any  separated  flow  region.  The  dimensions  of 
the  measurement  zone  where  the  two  laser  beams  cross  were  presented  in  Section  2.1. 

For  most  cases  of  relatively  larger  turbomachinery  flow  paths,  these  dimensions  are 
small  compared  to  the  flow  field  dimensions.  However,  in  very  small  turbomachinery 
flow  passages  or  in  regions  of  very  large  velocity  gradients,  the  size  of  the  measure- 
ment volume  becomes  important.  For  the  large  gradient  case,  the  velocity  measurements 
can  be  biased  away  from  the  average  velocity  which  is  assumed  to  occur  at  the  center  of 
the  measurement  zone.  The  accuracy  with  which  the  tracer  particles  track  the  local 
fluid  velocity  (direction  and  magnitude)  also  limits  the  accuracy  of  the  LV  measure- 
ment. The  use  of  small,  uniform  seed  material  has  minimized  this  problem.  As  dis- 
cussed in  the  particle  trajectory  analysis  in  Reference  12,  the  seed  particles  used 
should  track  the  flowfield  within  acceptable  limits  even  in  the  high  acceleration 
regions  such  as  those  which  occur  through  shocks.  The  real  problem  arises  when  the 
seeding  material  agglomerates  or  when  contaminates  (diameter  > 2 microns)  enter  the 
flow  field  giving  erroneous  velocity  measurements  due  to  large  particle  lag  or  lead. 

This  in  general  is  easily  recognizable  as  a large  spread  or  scatter  in  the  data. 
Electronic  discrimination  can  also  be  employed  to  eliminate  measurements  from  large 
particles. 

In  highly  turbulent  flow,  LV  measurements  can  be  biased  toward  preferred  velocity 
vector  orientations  because  of  the  way  the  particle  trajectories  cross  the  fringe 
field.  Also,  in  highly  turbulent  separated  flow  regions,  the  measurements  may  be 
biased  because  of  non-uniformity  of  seed  material  in  the  separated  flow  region. 


Finally  the  cost  and  time  involved  in  making  laser  velocimeter  measurements  in 
turbomachinery  is  a practical  and  important  consideration.  Component  and  engine  test- 


ing  is  expensive,  often  involving  a large  number  of  personnel  and  a complex  test 
facility.  Consequently  sufficient  time  is  not  always  available  to  take  the  detailed 
measurements  one  would  like  to  take,  to  shut  down  and  clean  windows  or  to  "iron  out  the 
bugs" . 


Overall,  the  experimentalist  has  produced  meaningful  LV  aerodyn^unic  measurements 
in  turbomachinery  under  rather  adverse  operating  conditions.  Developmental  work  is 
continuing  in  an  effort  to  reduce  or  eliminate  those  problem  areas  discussed  above. 

8.0  CONCLUSIONS 

The  laser  velocimeter  has  been  used  in  aircraft  gas  turbine  research  and  develop- 
ment to  make  nondisturbing  gas  velocity  measurements  in  bellmouth  inlets  and  cascades, 
to  make  flowfield  measurements  within  jet  exhausts  for  aero-acoustic  correlation  and  to 
make  flowfield  measurements  within  the  rotating  bladerows  of  compressors,  fans  and  tur- 
bines, including  the  mapping  of  shock  locations.  Analytical  predictions  of  the  various 
flowfields  were  obtained  by  using  a potential  flow  analysis,  method  of  characteristics 
analysis,  and  a time-dependent,  finite-difference  solution  of  the  fluid  dynamic  equations 
of  motion,  where  applicable.  The  analytical  predictions  were,  in  general,  consistent 
with  the  experimental  measurements.  The  application  of  the  LV  to  jet  exhaust  (acoustic) 
measurements  and  to  compressor/turbine  intra-rotor  flowfield  measurements  was  of  particular 
encouragement.  For  acoustic  applications,  the  LV  provides  an  accurate  method  of  obtaining 
not  only  rms  mean  velocity  and  turbulent  velocity  distributions  but  also  of  obtaining 
spectral  and  cross-correlation  type  information  which  is  important  for  direct  noise 
source  location.  For  compressor/turbine  applications  the  LV  provides  detailed  intra- 
rotor flow  measurements  which  include  the  location  of  shock  waves.  The  high  speed  fan 
operating  line  results  showed  a two-shock  system  in  the  rotor  passage  consisting  of  an 
attached  oblique  shock  at  the  leading  edge  and  a nearly  normal  shock  further  downstream 
in  the  rotor  passage.  As  the  rotor  was  throttled  toward  stall,  a one-shock  pattern 
appeared  as  the  higher  back  pressure  eliminated  the  second  shock,  and  pushed  the  leading 
edge  shock  upstreeun  in  the  rotor  passage.  Based  on  these  experimental  and  analytical 
results,  it  is  concluded  that  the  laser  velocimeter  provides  an  accurate  and  practical 
method  for  obtaining  detailed  flowfield  measurements  in  turbomachinery  research  and 
development  programs. 
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SUMMARY 

Ma.y  difficulties  with  this  technique  of  laser  anemometry  arise  from  engineering  constraints  and 
seemingly  trivial  problems  may  take  much  time  and  effort  to  overcome.  A few  solutions  to  some  of  these 
problems  are  outlined.  Data  retrieval  from  very  low  signal  is  possible  using  photon  correlation  and 
this  is  now  popular  in  mary  engineering  applications  because  of  its  high  efficiency.  We  have  obtained 
good  measurements  in  aero-engine  exhaust  and  in  unsteacb^  conbustion  systems  with  this  method.  For  real 
time  measurements  it  is  necessary  to  seed  the  flows  and  use  frequency  tracking  (or  equivalent).  Phase 
noise  is  serious  here  but  may  be  compensated  by  separate  assessment.  Transit  anemometiy  is  shown  to 
be  superior  in  conditions  of  bad  flare,  such  as  blade  passages,  but  takes  longer  to  make  a given 
measurement.  However,  shear  stresses  may  be  derived  from  the  same  measurement.  The  disparity  between 
particle  and  fluid  velocity  field  is  related  to  its  practical  consequences.  More  application  topics 
are  included,  such  as  window  installation  and  cleanliness,  vibration  and  noise,  thermal  problems,  laser 
safely  and  finally  information  presentation. 

1.  INTRODUCTION 

This  paper  comprises  a large  number  of  topics  and  ideas  which  may  be  useful  in  the  applicttion  of  this 
relatively  new  technology  to  the  measurement  of  velocity  and  turbulence  parameters  in  engineering 
situations.  Ey  'engineering  situations'  we  mean  areas  where  quantification  is  a necessary  step 
forward  in  the  understanding  of  a device  or  machine  - the  important  factor  being  a 'measurement'  rather 
than  a meticulous  theoretical  guess.  The  engineering  constraint  also  means  in  mary  oases  that  the 
device  to  be  investigated  already  exists  and  may  not  be  designed  to  facilitate  optical  measurements. 

This  makes  it  necessary  to  adapt  the  instrumentation,  sometimes  with  considerable  loss  of  optical 
performance  to  get  results.  That  is  not  to  say  that  we  are  not  concerned  with  accuracy,  but  more  that 
we  are  concerned  to  pick  out  factors  which  may  affect  our  confidence  level  and  attend  to  these  at  the 
expense  of  those  interesting  sophistries  which  may  divert. 

Some  of  the  problems  here  would  be  too  trivial  to  include  if  it  were  not  for  the  large  amount  of  wasted 
time  which  may  be  avoided  simplj-  by  arranging  that  they  do  not  occur.  Other,  more  serious,  problems 
such  as  what  to  do  to  optimise  information  retrieval  in  low  signal  cases,  and  how  much  trust  may  be 
placed  in  data  so  obtained,  merit  more  detailed  stucy. 

2.  SOME  TRIVIAL  CONSIDERATIONS 

We  at  Rolls-Royce  have  spent  some  years  developing  eu-,d  trying  to  understand  laser  anemomstry,  and  to 
applying  it  to  measuring  fluid  mechanical  properties  within  and  near  aero-engines  and  component  test 
rigs.(l3)(l4)  In  most  of  these  applicetions  the  major  problems  have  been  those  associated  with 
operating  conditions  and  environment.  Many  systems  of  anemometry  may  be  constructed  and  used  in  the 
laboratory  but  only  the  naive  would  suppose  that  the  transition  to  real  test  stands  was  easy.  The 

sort  of  optics  and  electronics  which  it  has  become  necessary  to  use  for  anemometry  measurements  tends 
to  be  sensitive  to  rain,  snow,  and  ice:  large  changes  in  temperature,  humidity  or  electrical 

surroundings  all  conspire  to  prevent  successful  measurements.  To  some  extent  care  and  forethought 
may  minimise  the  effects,  but  perhaps  examples  may  be  instructive. 


Mhi^  of  our  applications  have  been  in  the  open  air  as  is  necessary  for  rij;s  us*-d  for  noise  field 
lueacurements,  or  in  large  but  cluttered  buildings  with  a lot  of  environnjent  changes#  In  England 
weather  chari^cs  may  be  very  rapid  and  keeping  a forward  scatter  aneiiionieter  with  a throw  (because 
it  was  the  only  suitable  system  for  that  application)  in  good  p.ligniiient  posed  problene.  Although 
these  tests  are  always  scheduled  for  summer  it  often  seems  that  the  final  progrtcji*?  actually  happens 

in  January  and  tiie  final  corrective 
adjustiJjent  niust  be  j;jade  on  a gantry'  7m 
frxjm  the  ground  in  wind  and  rain  (Fig.  l). 
Anticipation  of  t;.ese  conditions  can  :;take 
life  easier.  Environmentai  protection 
for  the  optical  and  electronic  components 
is  always  to  be  recomiiiended;  in  cases 
where  an  anemometer  is  in  a cold  environ- 
ment but  exposed  to  a hot  rig  some  form  of 
thermal  control  is  necessary.  Aluminium 
foil  coated  asbestos  is  a very  good  protection 
from  radiant  heat  and  also  provides  some 
thermal  buffering. 


S:‘ mplification  cannot  be  too  highly 
recommended.  In  the  laboratory  one  can 
get  away  without  parsimory  of  components 
but  in  the  field  the  fewer  separate  items 
requiring  adjustment,  cleaning  or  ever, 
rigid  mounting  the  more  reliable  is  the 
final  unit  likely  to  be  and  the  higher  the 
chance  of  success.  Every  component 
should  be  viewed  critically  to  see  if  it 
may  be  omitted  without  excessive  penalty. 
Even  the  layout  of  Fig.  2 may  he  simp- 
lified if  the  rig  is  not  self  luminous 
by  the  omission  of  the  narrow  band  laser 
Fig.  1 RB211  Quiet  Engine  Demonstrator  with  LDA  on  filter  and  its  collimating  lens, 

a Test  Stand. 

It  is  usually  impossible  to  obtain  access 
to  the  data  acquisition  part  of  the  laser 

anemometer  when  a rig  or  engine  is  running,  so  all  control  functions  and  adjustments  if  necessary  must  be 
made  remotely,  and  the  signal  must  be  transmitted  through  long  leads.  Signal  attenuation  is  no  problem; 
what  has  been  troublesome  is  electrical  interference  and  pick  up.  Mary  large  rigs  have  associated 
electrical  plant  and  heavy  switching  produces  unpleasant  transients.  Where  long  distances  of  tens  of 
metres  are  involved  there  can  be  problems  with  earthing.  That  this  is  an  irritating  problem  was 
evidenced  by  one  of  our  magnetic  tapes  recording  the  output  from  a Cambridge  Physical  Sciences  Tracker 
processing  the  signal  from  a life  size  combustion  rig. 


The  FM  tape  recording  of  the  real  time  continuous  output  from  the  frequency  tracker  was  later  played 
for  analysis.  We  have  developed  the  habit  of  putting  such  signals  through  an  audio  channel  because 
the  ear  is  very  good  at  picking  out  odd  anomalies;  in  this  case  hidden  beneath  the  noise  and 
scuffling  represented  by  the  turbulence  and  phase  noise  was  a distorted  but  intelligible  demodulation 
of  a radio  programme  whose  transmission  frequency  was  near  that  represented  by  the  mean  velocity. 
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Fig.  2 Le^out  of  l^pioal  Fringe  Anemometer 

When  working  on  engines  with  mass  flow  up  to  700Kgs  ^ doping  is  normally  infeasible.  The  quantity  and 
quality  of  signal,  determined  as  it  is  by  the  natural  particles  present  may  vary  radically.  In  England 
a south  west  wind,  a harbinger  of  rain,  is  usually  the  most  satisfactory,  but  other  conditions  may 
operate  to  provide  particles.  In  industrial  areas,  particularly  those  in  medium  to  heavy  manufacturing 
there  are  usually  adequate  supplies  of  particulates  despite  pollution  legislation.  The  best  natural 
signal  we  ever  obtained  was  from  a test  stand  in  farming  area  on  a sultry  summer  day  several  fields  away 
from  a combine  harvester. 

3.  PARTICLE  PROBLEMS 

The  most  serious  problem  in  optical  anemometry  is  almost  always  directly  attributable  to  particles 
and  may  be  divided  into  two  parts 

(a)  The  provision  of  suitable  particles 

(b)  The  disparity  between  particle  and  fluid  velocity. 

We  offer  some  general  notes  on  these  subjects  but  no  more  than  an  introduction  to  a very  complex 
aggregate  of  ideas. 

By  'provision'  particles  must  exist  in  the  flow  or  be  added  to  it.  Homogeneous  mixing  is  almost 
always  assumed  but  not  always  guaranteed.  A simple  test  of  the  Poisson  nature  of  distributed 
peurtioles  added  to  a mixing  chamber  and  subsequently  sampled  in  the  core  of  a jet  showed  very  higji 
correspondence  between  theory  and  measurement,  but  it  is  a large  step  to  infer  that  this  may  hold  true 
in  cases  such  as  turbo  me  chine  ly  applications.  Indeed  it  is  known  to  be  untrue  for  large  particles  (8). 
The  addition  of  particles  to  the  flow  may  be  achieved  in  a nunber  of  ways  - none  especially  satisfactory. 

For  liquid  particles  a sheared  meinbrane  is  probably  the  easiest  method.  Acoustic  or  air  driven 
'atomisers'  are  most  suitable  but  a settling  chamber  must  be  provided  to  allow  removal  of  large 
particles,  and  the  particle  loaded  gas  must  be  conveyed  to  the  point  of  its  addition  to  the  flow  in 
question  by  sufficiently  large  pipes,  and  at  sufficiently  slow  speeds  to  prevent  'reclassification'  and 
'wetting  out'.  Many  liquids  may  be  used  but  inert  systems  of  low  vapour  pressure  are  preferred.  In 

general,  water  is  not  good  as  the  final  particle  sise  depends  more  on  the  proximity  to  dew  point  in 
the  gas  than  on  more  closely  controllable  facU  t s. 

Solid  particles  are  preferred  for  hot  flows  as  they  may  be  refractory  or  otherwise  have  very  high 
boiling  points.  Methods  of  production  are  fluidised  beds,  crystallisation  from  solution,  or 
condensation  from  gas.  Examples  of  these  three  methods  mi^t  be  MgO  particles,  NaCl  from  water  and 
TIO2  from  TlClj^  and  water  vapour.  An  added  advantage  of  the  last  is  that  if  the  HCl  is  rendered  harmless 
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by  NH^  the  smoke  formed  by  NH^^Cl  is  a useful  addition  to  the  dopant  until  it  dissociates  at  higher 
temperatures.  Problems  with  the  first  method  are  caused  unless  the  particles  may  be  prevented  from 
becoming  charged.  Aggregates  of  charged  particles  will  be  of  quite  different  sizes  from  those 
intended.  Even  with  the  best  methods  a form  of  settling  chamber  is  desirable  to  remove  the  largest 
particles.  Crystallisation  is  a good  method  in  many  ways  as  the  solute  concentration  can  be  changed 
to  obtain  any  given  range  of  sizes  from  an  atomiser  producing  only  a fixed  size  out,  perhaps  widely 
different  from  the  desired  size.  We  have  extended  this  method  to  a stirred  suspension  of  refractory 
particles  (emulsion  paint)  with  an  air  driven  acoustic  atomiser.  One  problem  with  solid  particles  may 
be  erosion  of  the  rig,  although  if  this  happens  it  is  a sure  sign  that  the  particles  are  or  have  become 
too  large  for  sensible  velocity  measurements. 

To  have  'suitable  particles'  it  is  desirable  to  use  the  optimum  size,  small  enough  to  follow  the  flow 
acceptably  and  large  enough  to  scatter  sufficient  light.  The  range  of  this  optimum  may  be  extended  by 
such  considerations  as  reducing  the  differential  specific  gravity  between  particle  and  fluid,  increasing 
the  complex  con^ponent  of  refractive  index  of  the  soatterer,  using  a fluorescent  seed,  etc.  The 
refractive  index  merits  some  mention.  The  real  part  corresponds  to  absorption  and  is  little  use  for 
anemometry.  The  baokscatter  from  a good  conductor  is  smaller  than  that  from  a bad  in  ranges  of 
interest  here.  Scatter  in  other  directions  may  be  very  complicated  but  can,  if  one  has  the  time, 
energy  and  need,  be  calculated  from  Mie  theory.  The  oon^ilex  con5)onent  of  refractive  index,  indicative 
of  the  reflected  or  transmitted  component  should  be  large,  as  that  implies  that  light  hitting  the 
particle  is  redirected  into  possibly  useful  directions.  Many  books  are  available  which  discuss  these 
mechanisms.  Usually  a stronger  constraint  than  the  esoteric  theoretical  ideals  is  the  real  practicality 
of  obtaining  any  usable  dopant  that  is  just  acceptable,  given  all  the  constraints  placed  on  the  system 
by  more  pragmatic  circumstances,  for  example,  toxicity,  cost,  availabilily  etc. 

The  second  problem,  of  disparity  between  particle  and  fluid  velocities  (?)  is  not  easily  resolved.  It 
has  been  referred  to  as  particle  sampling  bias  but  this  concept  was  shown  to  be  in  eri-or  by  Dr.  F.  Durst 
at  Capri  '76  who  pointed  out  that  the  difficulties  only  exist  in  the  difference  of  fluid  velocity  from 
the  measured  particle  velocity.  In  those  few  cases,  such  as  fluid  sprays,  where  the  particle  velooily 
field  is  under  investigation  there  can  be  no  problem.  However  most  researchers  require  measurements  of 
the  fluid  field  an'd  attempts  to  infer  it  from  particles  embedded  in  the  flow  has  led  to  interminable 
argument.  We  propose  to  illustrate  only  the  skeleton  of  this  problem. 

If  particles  are  uniformly  distributed  throughout  a container  of  gas  at  rest  and  subsequently  moved  past 
a fixed  point  in  space  the  rate  of  observing  particles  depends  on  several  things.  For  a perfect 
incompressible  flow  the  rate  of  particle  events  depends  on  the  modulus  of  velocity  of  the  gas  at  that 
time  and  place  and  the  mean  separation  of  particles.  The  distribution  of  rate  depends  on  Poisson 
statistics  skewed  by  the  velocity  dependence.  For  degrees  of  oompressibilily  the  velocity  dependence 
becomes  a fractional  power.  This  assumes  that  there  is  no  velocity  slip,  i.e.  the  particle  velociiy 
is  identical  with  that  of  the  fluid. 

The  criterion  on  particles  following  the  flow  is  that  the  difference  between  their  velocity  and  that  of 
the  local  gas  shall  be  below  a given  small  percentage  - implying  an  upper  size  limit  for  other  parameters 
fixed.  This  is  only  the  first  part  of  the  constraint  as  there  is  a much  tighter  limit  for  results  to  a 
given  accuracy. 

Although  the  particles  may  follow  the  flow  velocity  to  the  acceptable  degree  discussed  above  and  are  thus 
bounded  in  behaviour  by  a given  tolerable  acceleration,  both  velocity  and  acceleration  are  vector  fields 
and  need  not  be  everywhere  aligned.  Hence  if  a particle  experiences  an  acceleration  field  associated 
with  vorticlty,  although  its  differential  velooily  is  a small  value  its  consistent  effect  will  sort 
particles  such  that  there  will  be  a correlation  of  particle  concentration  with  vcrticity  history.  This 
concentration  heterogeneiiy  interferes  with  assumptions  about  uniform  particle  distribution  and  can  bring 
statistical  irrferenoes  into  serious  question. 
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In  aummaiy  then  there  are  two  criteria  about  particle  flow  following  propertiea,  mininiiaation  of 
differential  velocity  due  to  slip,  and  changes  in  local  concentration  correlated  with  fluid  acceleration 
properties. 

Having  outlined  many  of  the  problems  with  particles  it  is  useful  to  discuss  the  sort  of  errors  which 
arise  and  what  level  of  tolerance  is  necessary.  Here  it  is  most  Important  to  obtain  engineering 
measurements  ani^  what  would  be  totally  unacceptable  to  an  academic  purist  can  be  veiy  useful  data  in  an 
awkward  problem  area.  We  have  found  that  the  errors  which  accrue  from  using  seed  particles  which  are 
theoretically  much  too  large  are  not  so  serious  as  to  cause  concern.  Although  errors  in  absolute  values 
of  velocity  or  turbulence  (albeit  quite  small)  m^  occur,  in  many  situations  a comparative  measurement  seya 
all  that  needs  to  be  decided  about  a rig  configuration.  Engineering  and  design  decisions  are  often  taken 
in  the  absence  of  measurements  - for  the  measurements  to  be  a few  percent  in  error  need  not  invalidate 
their  relevance  and  usefulness. 

Moat  flows  may  be  adequately  sampled  up  to  lOkHz  or  so  by  particles  around  or  below  2nm  to  3pm  diameter 
although  the  accepted  figure  in  the  literature  is  nearer  Ipm,  presupposing  a density  of  about  103Kgm”^ 
for  the  particles  in  air.  Viscosity  and  density  effects  may  be  allowed  for  by  simple  linear  scaling. 

In  the  case  of  photon  correlation  measurements,  particles  may  be  much  smaller  to  give  adequate  signal  and 
often  there  are  sufficient  naturally  occurring  particles.  As  an  aside,  the  particle  biassing  problenm 
are  quite  different  for  the  use  of  photon  correlation  since  the  velocity  dependence  of  saii?)ling  rate  is 
suppressed  - there  are  more  high  velocity  particles  but  each  scatters  less  photons.  The  wide  range  of 
size  of  naturally  occurring  particles  does  not  necessarily  lead  to  serious  error  with  liioton  correlation 
as  large  particles  operate  to  lock  out  the  correlator  by  excessive  photon  rate  saturating  the  shift 
register,  and  very  small  particles  give  on  average  less  than  one  photon  and  oontribute  only  to  the  uniform 
background. 

4,  INFORMATION  RETRIEVAL  FROM  LOW  SIGNAL 

In  most  engineering  applications  there  is  less  signal  than  would  be  ideal.  This  arises  from  various 

constraints  but  may  be  divided  into  two  groups  (a)  adequate  size  of  particles  to  give  a good  velocity 

estimate  from  each  but  possibly  long  inter^rals  between  them,  and  (b)  particles  which  may  be  rare  or 
frequent  but  give  rise  to  only  a few  photons  each.  We  have  restricted  this  part  of  the  discussion  to 
real  fringe  systems,  optimal  when  the  mean  number  of  scattering  centres  in  the  sampling  volume  is  less 
than  one.  The  case  where  maiy  particles  at  a time  favours  the  reference  beam  approach  is  rarely  met 
in  our  experience,  except  in  over-rich  combustion  where  large  numbers  of  small  particles  may  be  created 
in  the  zone  of  interest  - even  then  the  natural  particles  are  often  large  enough  to  be  discerned  above 
the  background  light.  This  case  has  been  recently  met  again  near  the  dew  point  line  of  a supersonic 
tunnel. 

In  case  (a^  above  the  retrievable  information  is  determined  by  the  frequency  and  statistical  distribution 
of  particle  arrivals  which  we  touch  upon  in  the  next  section.  The  estimate  of  velocity  from  any  one 
particle  presents  no  significant  problems  when  the  signal  is  sufficiently  great,  as  we  have  postulated. 

Case  (b)  is  not  only  more  difficult  to  handle,  it  is  much  more  common.  Fig.  3 shows  the  photomultiplier 
output  from  particles  scattering  progressively  less  power.  The  effect  of  quantum  limitations  is  clearly 

Illustrated  in  going  from  a - d.  Low  signal  from  each  particle  may  arise  in  a nunfcer  of  ways  such  as:- 

(a)  Small  particles  - desirable  because  they  follow  the  fluid  flow  field  better  than  large  and  may  be 
present  in  larger  numbers  for  a given  mass  fraction  of  contaminant. 

(b)  Small  laser  - large  lasers  are  expensive,  fragile,  require  more  extensive  services  such  as  three 
phase  mains  supply  and  water  cooling,  are  difficult  to  hold  in  a single  mode  in  a bad  environment 
and  may  possess  hazard  levels  unacceptable  to  the  personnel  who  staff  test  rigs. 

(o)  Sn»ll  viewing  cone  - high  pressure  or  hot  rigs  only  allow  small  windows  which  may  severely  limit 
the  detected  signal  on  direct  geometr  cal  grounds. 


(d)  Backscatt#r  - highly  desirable  for  traversing,  retention  of  allgninent  emd  ease  of  rigging,  but 
ruinous  on  signal  level  for  the  most  appropriate  particle  sizes. 


Fig.  3 Photomultiplier  Output  with  Reducing 
Signal.  Quantum  Effects  become  more 
Apparent  from  a - d. 


Given  that  in  some  cases  a low  signal  is  inevitable 
and  in  many  others  there  are  factors  which  make  it 
desirable  to  use  a small  signal  we  must  use 
methods  of  information  retrieval  as  efficiently  as 
possible.  For  many  signal  processing  methods 
e.g.  frequency  analysis,  tracking,  counting, 
parallel  filter  bank  etc.  the  signal  is  taken  to 
be  the  idealised  case  with  some  inevitable  noise 
looking  like  case  a in  Fig,  3,  In  the  absence  of 
flare  the  dominant  source  of  'noise'  for  a well 
contrived  set  up  is  of  course  shot  noise,  which 
can  be  considered  more  closely.  Firstly  we  must 
temporarily  discard  the  notion  of  'signal  to 
noise  ratio'. 

In  an  ideal  classical  world  where  the  scattered 
optical  fields  were  representable  by  electro(3ynamic 
continue  we  may  define  the  fields  unequivocally. 

This  is  still  a useful  idea  when  the  energies 
involved  are  large  compared  with  quanta.  In 
nany  real  cases  of  laser  finemometry  (and  more 
especially  so  when  attempting  to  apply  Raznan 
Spectroscopy  to  gaseous  systems)  this  assumption 
dees  not  hold  and  the  classical  parameters  are  only 
identifiable  as  expectation  values  whose  immediate 
realisation  is  through  the  detection  of  single 
quantum  events  - photon  arrivals, 

Looking  again  at  the  signal  from  a quasi-classical 
scattering  theory  the  optical  intensity  will,  be 
detected  as  a smooth  analogue  signal  with  some 
'noise',  which  is  no  more  than  a statistical 
fluctuation  of  the  photon  arrival  rate.  As  the 
total  number  of  photons  for  particle  tremsit  becomes 
less  so  the  classical  envelope  is  less  well 
identified  until  all  that  remains  is  a few  quantum 
events  which  appear,  on  the  classical  model,  to  be 
entirely  noise.  This  is  not  true,  as  the  time 
distribution  of  the  photons  depends  firstly  on  the 
statistics  of  the  optical  field,  a consequence  of 
source  and  scatterer,  and  secondly  on  the 
probability  distribution  relatable  tc  the 
classical  field  estimator  in  the  sampling  region 
sampled  by  particle  velocity. 

So  the  time  of  arrival  of  photons  is  closely 
related  to  the  classical  signal  and  a measurement 


of  the  probability  distribution  of  intervals  between 

photons  may  be  used  to  make  estimetes  of  mean  velocity  and  turbulence  (9)-  So  far  the  most  satisfactory 
way  of  deriving  the  required  inter*val  probability  is  to  use  a fast  digital  correlator  and  that  produced 


by  Malvern  Instruments  is  at  present  the  most  satisfactory  commercial  machine.  It  has  a 50ns 


acquisition  tims  and  using  the  esoteric  mathematics  of  Pike  and  others  (l),  (lO)  may  be  used 
successfully  without  total  oonprehension  of  all  of  the  subtleties.  Pig.  k shows  a schematic  leyout 
of  the  clipping  correlator,  adequately  described  elsewhere  (l). 
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It  may  be  useful  to  go  into  some  detail  about  how  the  correlator  performs.  We  write  the  expression 
for  equivalent  field  intensity  in  the  san^jling  volume,  bearing  in  mind  that  this  is  a gross  conceptual 
oversimplification  (ll)  but  is  sufficient  description  for  our  purposes.  In  the  notation  of  Ref.  14, 

I ot  exp  - 1^1  + r oos  (l) 

^o 

where  x,  y,  z are  Cartesian  co-ordinates  of  the  space  of  the  spherical  volume,  is  the  distance  to 
e ‘ intensity  of  the  illuminated  region,  t is  the  fringe  spacing  in  the  sensitive  direction  x and  r 
is  the  'fringe'  contrast.  An  ideal  particle  which  scatters  this  field  gives  rise  to  the  appropriate 
detected  analytic  signal  which  may  be  auto-oorrelated  to  yield 
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where  u,  v,  w are  resolved  velocities  in  x,  y,  z and  r is  correlation  time.  We  have  reverted  to 
2 

using  G (t)  for  the  second  order  optioed  field  correlation  as  it  is  more  accepted.  In  general  it  is 

2 

not  possible  with  present  correlators  to  extract  the  complete  value  of  G (r),  although  there  may  be 
quite  enough  signal  to  produce  it  in  the  time  before  the  velocity  changes  because  the  internal 
organisation  of  the  store  makes  data  readout  take  a relatively  long  time  compared  with  the  desirable 
time  between  estimates.  The  most  common  use  to  date  has  been  to  accumulate  estimates  of  G (r)  from 
a statistically  representative  number  of  particles  and  note  that  the  function  will,  for  Gaussian 
Turbulence  only,  look  like 


Fig.  5 Calculated  Correlogram  for  0 and  IC^  Gaussian  Turbulence  for  10  Fringes  to  "2  I^ianieter. 

For  not  atypical  conditions  we  assume  that  r -*  1 and  that  - 2,  3 t • further  use  the 

reduced  parameter  s = — and  assume  that  the  mean  velocity  is  normal  to  the  fringes  i.e.  v = w = 0. 

For  purely  laminar  flow  the  above  expression  reduces  to 


G^(r)  (1  + 5 oos  21T3) 


which  ia  plotted  on  Pig.  5 as  the  solid  curve. 

For  1C9?  isotropic  Gaussian  turbulence  - an  idealised  concept 
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plotted  as  the  dotted  curve  on  Fig.  5. 

Ma^y  interesting  features  may  be  noted  but  are  outside  our  scope  here.  For  those  who  wish  to  pursue  the 
subject  further  there  are  matvy  challenging  areas. 


Thes».'  -quations  show  how  the  measxired  function  derives  from  various  turbulent  conditions.  The 
inversion  of  the  relationship  leads  to  an  estimate  of  velocity  probability.  For  the  more  useful 
methods  of  inversion  it  is  not  necessary  to  make  any  assunytions  about  the  nature  of  the  turbulence  (9). 

Although  the  above  calculations  have  been  performed  using  a continuous  model  it  has  been  shown  that  the 
clipping  correlator  may  realise  a very  close  approximation  to  this  in  many  situations.  For  further 
teclinical  details  of  the  limits  of  accuracy  and  the  mathematical  and  physical  approximations  the  reader 
is  referred  to  the  Capri  Notes  (Refs.  1 & 11). 

It  has  been  noted  (ll)  that  60  to  100  photons  must  be  used  to  obtain  a reasonable  corre.ogram  from 
whic}-  a velocity  accurate  to  a percent  or  two  may  be  extracted.  It  is  more  satisfactory  to  obtain 
all  these  from  one  particle  but  a few  from  each  of  several  particles  in  the  same  fluid  environment,  with 
respect  to  velocity  field,  will  suffice.  Of  course  there  is  now  a great  range  of  ’real  time’ 
possibilities,  but  some  changes  in  hardware  design  are  necessary  to  realise  the  potentially  high  rate  of 
velocity  estimates.  A correlator  which  allows  parallel  extraction  of  each  correlogram,  obtained  over 
as  little  as  iMs,  with  some  hard  wired  method  of  reducing  the  correlogram  to  magnitude  of  the  speed 
in  the  resolved  direction,  would  be  capable  of  operating  as  a real  time  velocity  tracker  with  several 
orders  more  sensitivity  than  the  conventional  analogue  device  for  the  equivalent  purpose.  The  nature 
of  this  efficiency  improvement  is  also  likely  to  reduce  the  problems  of  biassing  and  samping  errors,  so 
much  a problem  in  the  more  classical  situations.  The  reasons  for  this  are  immediately  obvious  on 
exarination  of  the  n^chanisms  involved. 

With  due  reference  to  section  3 we  may  consider  that  each  particle  gives  an  estimate  of  velocity  in 
cases  such  as  counting  and  tracking.  This  will  be  a certain  introduction  of  'bias*  but  has  only  been 
incompletely  considered  in  the  literature.  Part  of  the  problem  is  propounded  in  Ref.  7 and  a good 
analysis  is  given  by  George  (6)  with  other  useful  papers  in  the  same  volume.  For  photon  correlation 

the  consequences  are  somewhat  different  as  the  weighting  depends  on  the  number  of  photons  collected 
from  each  particle.  As  faster  particles,  of  vriiich  there  are  more,  scatter  fewer  photons  each  (the 
intensity  is  the  same  but  the  time  is  shorter)  a correction  in  incompressible  flow  is  automatically 
applied  to  first  order.  Hence  the  single  linear  dependence  of  sampling  rate  on  velocity  is  cancelled. 
Other  biassing  still  exists  and  con^ressibility  now  makes  the  correction  worse  rather  than  better  as  in 
the  case  of  individual  particle  velocity  realisations. 

Photon  correlation  will  not  help  directly  in  the  case  of  dependence  of  particle  concentration  on 
acceleration  histoiy,  the  tendency  for  particles  to  clump  and  attenuate  in  turbulent  flows  because  of 
local  centrifugation  due  to  vorticity.  This  problem  can  be  veiy  serious  and  I know  of  no  satisfactory 
treatment  of  the  problem  as  yet.  In  ordered  flows  such  as  a von  Karman  street  we  have  looked  at 
velocity  probability  histograms  to  find  that  there  is  a very  sharp  decline  in  particle  numbers  near  the 
centre  of  a vortex  which  has  existed  for  some  time.  This  is  a much  more  restrictive  specification  on 
maximum  permitted  particle  size  than  the  conventional  particle  slip  leading  to  a velocity  error.  Both 
are  controlled  by  Stokes  drag  but  affect  the  observed  data  very  differently.  There  is  some  small 
crumb  of  comfort  to  be  obtained  by  the  use  of  photon  congelation,  capable  as  it  is  of  retrieving 
good  measurements  from  particles  much  smaller  than  are  usually  used,  and  hence  less  prone  to  'turbulent 
vorticity  sorting' • 

The  advantages  of  photon  correlation  may  then  be  summarised.  Good  velocity  estimates  m^  be  obtained 
from  about  three  to  four  orders  of  magnitude  less  optical  signal  than  is  usual  for  other  processors. 

A statistically  stationary  estimate  of  turbulence  is  possible  in  a time  controlled  only  by  the 
turbulence  phenomena,  because  small  particles  may  be  available  at  greatly  increased  frequencies. 

Biassing  is  correlated  for  incompressible  flow  at  low  turbulence  and  reduced  from  other  causes, 
primarily  due  to  the  use  of  smaller  particles.  Another  advantage,  at  least  as  important  is  the 
extreme  conceptual  simplicity  of  digital  correlation  from  the  users  point  of  view.  The  intellectual 
hurdle  between  correlogram  and  velocity  is  the  only  area  which  nay  deter  people,  but  is  easily  crossed 
by  a little  thought.  The  extra  step  of  having  to  process  data  with  a computer  is  now  becondng  more 
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accepted  and  the  failure  to  have  a mchine  with  a dial  on  the  front  calibrated  in  metres  per  second 
is  no  hardship  for  the  engineers  who  are  really  forced  to  use  these  methods  because  no  others  will 
suffice.  The  necessity  of  slight  extra  processing  also  perforuB  ti.e  essential  function  of  inducing  the 
user  to  think  about  the  information,  what  it  means  and  the  constraints  on  its  accuracy. 


5.  REAL  TIME  MEASUREMENTS 


Majyr  parameters  mey  be  extracted  from  optical  measurements  of  the  laser  anemometer  type,  and  which 
presentation  format  is  desirable  depends  on  the  purposes  for  which  the  measurement  is  needed.  In 
tlie  earlier  section  we  have  illustrated  how  time  averaged  data  may  be  obtained  from  very  low  signal 
cases  via  photon  correlation.  If  we  invoke  the  ergodic  hypothesis  in  the  case  of  turbulence  and  assume 
that  there  exists  a characteristic  period  during  which  statistics  remain  constant  to  a given  accuracy 
from  one  sample  to  the  next  we  may  derive  a 'stationary'  estimate  of  the  turbulence  statistics.  If 
we  observe  over  one  or  more  such  periods  with  a photon  correlation  experiment  it  is  possible  to  extract 
mean  velocity  immediately  and,  by  one  of  various  methods,  a probability  of  velocity  v.s.  velocity 
histogram  from  which  the  rms  ('turbulence')  values,  skewness  and  perhaps  kurtosis,  depending  on  data 
quality,  are  obtainable. 

There  are  maiy  situations  where  real  time,  or  continuous  velocity  histories  are  required  and  since  this 
is  not  yet  available  from  correlation  and  existing  hardware  the  price  of  greatly  increased  signal  must 
be  paid.  Even  then  all  is  not  well  as  arguments  about  the  accuracy  of  real  time  measurements, 
particularly  with  regard  to  results  of  later  processing  and  the  validity  of  inferences  are  still  raging. 

In  general  each  particle,  tested  for  suitability  yields  a measurement  of  velocity.  From  a counting 
system,  of  which  several  excellent  machines  are  produced  commercially  this  yields  a train  of  data  which 
suffers  all  the  problems  of  biassing.  In  principle  this  can  be  'smoothed'  (a  general  term  meanlxig 
that  some  of  the  data  is  altered  in  the  belief  that  this  will  somehow  improve  understanding)  and  assumed 
to  indicate  velocity  fluctuation,  or,  more  precisely,  fairly  random  samples  of  it.  By  extracting  two 
pieces  of  data  from  each  particle,  the  velocity  and  the  time  at  which  the  sample  took  place  it  is  possible 
with  adequate  computing  facilities  to  construct  not  very  biassed  probability  plots  and  spectra  (/,)  but 
the  real  time  or  continuous  natures  are  lost.  Bependiitg  upon  the  requirement  this  may  not  matter. 

With  frequency  tracking  systems  it  is  conventional  to  hold  the  last  velocity  value  until  the  next 
opportunity  to  update.  We  must  mention  as  an  aside  that  counting  and  tracking  are  merely  different 
methods  of  achieving  ary  or  all  of  the  reduced  parameters  we  are  discussing,  but  some  measurements 
favour  one  method,  some  another. 

An  unfortunate  artefact  of  tracking  is  phase  noise,  which  again  is  discussed  by  George  (5)  and  is  a 
consequence  of  randomly  distributed  sampling  (4).  For  derivation  of  spectra  from  the  tracker  output 
this  Liust  be  corrected.  Phase  noise  arises  when  more  than  one  particle  contributes  significant 
power  to  the  sipial.  Even  thou^  the  two  particles  may  have  the  same  velocity,  because  thq/  are 
embedded  in  the  same  slug  of  fluid,  and  hence  emit  the  same  frequency  there  will  be  an  arbitrary  phase 
change  between  them.  The  equivalent  output  excursion  which  is  caused  by  tracking  this  phase  change 
has  no  relation  to  velocity,  but  depends  rather  on  the  particle  arrival  statistics.  The  spectral 
distribution  of  those  spurious  excursions  is  flat  to  the  upper  bandwidth  of  the  tracker  for  Poisson 
distributed  particles;  the  level  depends  on  the  particle  rate  via  the  probability  of  seeing  two 
particles  at  once. 

Spurious  excursions  such  as  phase  noise  will  not  lead  to  serious  errors  if  the  retrieved  signal  is  to 
be  correlated  with  some  other  parameter  since  they  will  be  uncorrelated  with  most  phenomena  and  hence 
merely  enlarge  the  background  and  reduce  the  level  of  correlation.  Slight  errors  may  be  manifest  if 
the  phenomenon  with  which  velocity  is  being  correlated  contains  a dependence  on  vortlclty  since  this 
may  also  correlate  weakly  with  fluctuations  in  local  particle  concentrations  and  hence  phase  noise  magnitude. 
In  any  real  experiment  the  possible  significance  of  these  effects  will  have  been  considered  and  if 
necessary  the  conclusions  verified  by  pilot  experiment  - on  a well  understood  system  {br  example. 
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Fig.  6 Tracker  Output  Showing  Good  and  Bad  Time  Series  Estimates. 
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Fig.  7 Tracking  Domains  Corresponding  Qualilativeijr  with  Fig.  6. 


As  a somewhat  rough  working  guide  some  figures  are  suggested.  If  using  a frequency  tracker  In  the 
sample  and  hold  mode,  that  which  for  subsequent  correlation  or  spectral  analysis  Is  most  appropriate. 

It  Is  necessary  to  restrict  the  slew  rate  of  the  tracker.  A working  figure  Is  something  of  the  order 
of  five  changes  In  output  level  for  each  cycle  of  the  highest  turbulence  freqisnqy  present.  The 
signals  shown  In  Fig.  6 are  typical  Cambridge  Ptysical  Sciences  tracker  output  from  a very  turbulent 
jet  at  7 diameters  downstream.  The  fringe  anemometer  used  a HeCd  laser  with  25^^m  fringes  with  about 

20  fringes  In  the  — ~ diameter.  The  qualitative  appearance  of  the  signal  Is  clearly  seen  as  different 

in  the  .different  conditions.  This  also  dictates  an  optimum  dopant  concentration  with  the  posslbillly  of 
errors  if  this  is  not  chosen  correctly.  There  are  two  criteria,  neither  exact.  (a)  The  particles 
should  be  at  the  right  concentration  and  (b)  the  slew  rate  should  be  limited  to  the  ri^t  value.  Fig. 

7 shows  a schematic  diagram  of  what  can  happen  If  the  conditions  are  not  met  and  corresponds  to  the  same 
leyout  as  Fig.  6.  It  is  seen  that  the  best  estimate  is  still  not  perfect  as  it  could  be  if  the 

particles  were  uniformly  spaced  giving  an  associated  Nyqvist  frequency.  The  Poisson  nature  of  particle 
distribution  serves  to  smear  the  frequency  abcut  which  aliassing  may  occur  into  an  infinitely  wide  tone 
of  possible  frequency  folding  limits  yielding  a flat  background  over  the  lower  frequency  region. 

Deviation  from  Poisson  statistics  tends  to  narrow  this  zone  but  it  may  still  be  some  orders  wide  in 
frequenoy  space,  complicating  rather  obscurely  the  interpretation  of  turbulence  spectra.  An  obvious 
consequence  of  sampling  at  too  slow  a rate  (too  few  particles)  is  the  inclusion  of  turbulence  energy 
from  high  frequencies  in  the  spectrum  indicated  to  obtain  at  low  frequencies  (see  Fig.  7).  There  is 
much  more  to  be  said  on  these  topics  as  experience  becomes  wider,  but  it  is  not  appropriate  to  go  into 
greater  depth  here. 

For  many  engineering  purposes  the  above  discussion  is  to  be  considered  and  should  be  included  in 
the  intellectual  background  of  the  informed  user. 

6.  TRANSIT  AHEMOBETRY 

Using  the  now  conventional  system  of  fringe  anemometry  a large  number  of  interesting  cases  may  be,  and 
seme  have  been,  investigated.  It  may  be  used  in  forward  scatter,  which  makes  traversing  cunfcersome 
or  inqjossible;  it  may  bo  used  at  more  or  less  right  angles  where  scattering  efficiency  m«y  be  very  low 
and  access  not  always  possible,  or  backscatter  where  sipial  is  usually  lower  still  and  spatial 
sensitivity,  including  the  rejection  of  flare  can  be  very  poor.  Fig.  8 shows  a schematic  and  very 
qualitative  look  at  the  figures  of  merit  for  selecting  collection  angle  for  a Vpical  anemometer 
applicttion.  The  factors  in^iortant  for  obtaining  results  useful  in  engineering  are  (a)  sipial 
level,  (b)  flare  rejection  linked  to  (c)  longitudinal  spatial  resolution  (d)  ewe  of  traversing  and 
(e)  single  aided  access.  It  is  clear  from  Fig.  8 that  different  situations  will  favour  different 
angles  of  scattered  light  collection  according  to  the  relative  sign Ificanoe  of  the  above  properties. 

We  look  at  the  most  favourable  criterion  for  making  measurements  in  a rotating  machine  and  find  that 
near  backscatter  is  the  only  direction  in  which  we  stand  any  chance  of  making  a measurement.  Even 
at  the  optimum  a fringe  system  is  likely  to  pose  many  problems  although  these  have  been  overcome  with 
great  success  in  one  application  (17). 

A we^y  of  inqjroving  flare  rejection  was  suggested  by  Thompson  (16),  extended  ty  Tanner  (15)  developed 
to  engineering  use  by  Schodl  (12)  and  employed  with  impressive  success  by  Eckardt  (3).  This  system 
exists  under  various  names,  2 spot  system,  L2F,  dual  focus,  transit  anemometer  and  consists  of 
directing  the  laser  power  into  two  small  Gaussian  spots  separated  by  a fixed  distance,  instead  of 
forming  a larger  Gaussian  region  containing  sinusoidal  fringes.  The  power  density  at  the  spot  mey 
be  some  300  times  hl^er  for  the  same  laser  power  and  the  flare  rejection  stop  reduced  by  an  equivalent 
factor  on  area.  The  inj)rovement  in  flare  light  suppression  is  veiy  considerable  but  the  price  to  pay 
is  that  fewer  particles  cross  the  illuminated  region.  In  practice  smaller  particles  are  now  dlscemable 
events,  but  the  statistical  accuracy  depends  on  total  number  and  uniformity  of  events. 


LOG,q  typical 
REL.  SCATTER 


FLARE 

REJECTION 


SPATIAL 

RESOLUTION 


EASE  OF 
TRAVERSING 


SINGLE  SIDED 
ACCESS 


180 

FOREWARD  BACK 

OBSERVATION  ANGLE 

Fig.  8 Schematlo  Dependence  of  Collection  Angle 
on  Various  Parameters. 


distribution  of  probable  event  times  of  ALL  particle 
is  recorded. 


We  will  include  a brief  discussion  of  the  data 
available  from  a transit  anemometer.  It  may  be 
shown  that  using  two  illuminated  regions  of  space 
and  two  deteotora  a good  method  of  data  retrieval 
is  by  cross  correlation  of  events  on  the  two 
channels.  There  have  been  techniques  which  use 
a multichannel  analyser  but  for  a non-gated 
application  this  is  seen  to  be  less  efficient  in 
situations  of  high  seeding,  and  slightly  more 
efficient  for  low  turbulence  and  low  data  rate, 
depending  somewhat  on  the  methods  of  specifying 
'efficiency'.  We  require  the  time  of  transit 
of  a particle  going  through  the  first  spot  (a) 
and  subsequently  the  second  spot  (b).  Those 
which  go  through  either  A or  B contribute  nothing 
but  background. 

If  multichannel  analysis  is  used  a sweep  is 
triggered  by  an  event  on  A and  events  on  B during 
the  subsequent  sweep  time  are  recorded  in  the 
appropriate  time  domain  store.  For  high 
turbulence  most  particles  which  go  through  A do 
not  go  through  B but  distract  the  analyser  from 
triggering  again  until  one  full  sweep  time  later, 
missing  some  of  the  'useful'  events  on  A and  B. 

A second  method  of  operation  is  to  re-enable  A 
as  soon  as  the  next  event  occurs  on  B.  This  misses 
less  events  but  the  background  is  no  longer 
flat  ar.d  hence  more  difficult  to  correct  for  by 
subtraction.  If  correlation  is  used  the 
s which  cross  A and  ALL  particles  which  cross  B 


The  usual  ntya  of  operat  ig  transit  anemometers  are  to  measure  the  correlogram  or  nultichannel  analysis 
of  detected  events  at  different  orientations  of  the  two  spots.  Each  correlogram  must  be  transformed 
from  its  function  of  probability  of  transit  time  versus  time  by  some  suitable  non-linear  process  depending 
on  particle  concentration  biassing  to  yield  a distribution  of  velocity  probability  against  velocity. 

A convenient  transform  for  incompressible  homogeneously  seeded  flow  is  point  by  point  division  by 
velocity  cubed  and  linearisation  of  the  abscissa.  The  noise  is  then  non-uniform  but  if  sufficient 
particle  transits  are  observed  this  need  not  be  serious.  Consequences  of  biassing  errors  are  almost 
completely  insignificant  for  all  flow  compressibilities  if  the  turtulence  is  low,  less  than  a few 
percent  (ssy).  The  way  of  identifying  the  flow  direction  from  such  measurements  is  to  observe  the 
transformed  correlogram  at  a number  of  spot  orientation  angles.  A plot  of  the  velocity  magnitude 
at  each  angle  is  only  weakly  dependent  on  direction,  as  cos  9,  where  9 is  the  angle  of  rotation;  more 
sensitive  is  to  plot  the  nunfcer  of  correlated  events  normalised  by  the  number  which  gave  a signal  from 
the  first  spot. 

This  nay  be  used  to  identify  the  mean  direction  to  very  high  accuracy.  For  a few  percent  turbulence 
and  typically  LOGO  correlated  events  per  correlogram  at  worst  0.5°  arc  accuracy  is  easily  achieved. 
Performance  of  this  exercise  yields  redundant  estimates  of  speed  which  may  be  combined  to  yield 
typical  accuracies  of  0.5^  or  better.  Plotted  on  Fig.  9 are  the  speed  estimates  from  the  same  data 
and  the  inferred  cosine  dependence  from  the  mean  of  the  speeds  for  the  angle  less  than  1.5°  arc.  The 
rms  error  is  less  thsn  0.25?.  The  scatter  is  great  for  longer  distances  from  the  mean  angle  because  the 
data  are  based  on  a much  smaller  number  of  correlated  events. 


When  neasurement  of  flow  speed  and  direotion  are 
not  sufficient  the  entire  data  In  each  correlogram 
may  be  used  to  construct  a probability  contour  map 
In  velocity  space.  This  nust  of  course  be  a two 
dimensional  projection  of  velocity  space  because 
the  sampling  spots  are  really  cylinders.  If  these 
cylinders  are  long  then  we  obtain  a true  collapsed 
projection  but  if  they  are  made  short  for  reasons 
of  spatial  resolution  in  this  direotion  along  the 
laser  beam  then  our  projection  tends  towards  a 
sample  slice.  As  the  slice  gets  thinner  so  the 
information  falls  and  sample  time  must  be  increased 
but  in  practical  terms  the  usual  optical  designs 
preclude  close  approach  to  this  limit. 

Fig.  10  shows  such  a contour  map  taken  just  off 
the  axis  of  a free  jet  - not  a typical  use  but 
merely  an  illustration.  The  shape  may  be  used 
to  assess  a figure  for  time  averaged  turbulence  in 
any  direction,  enabling  assessments  to  be  made  of 
isotropic  assumptions.  Shear  stresses  in  the 
appropriate  plane  may  be  obtained  from  cross 
momenta  of  this  contour  but  in  principle  higher 
moments  are  fully  represented  by  the  map.  No 
time  information  is  presented  in  this  data  format. 

A mode  of  machine  operation  which  has  been  commonly 
used  is  to  look  at  flows  in  rotating  assemblies. 

Although  this  will  be  discussed  extensively  elsewhere  it  is  worthwhile  to  illustrate  a trivial  point. 

For  correlation  analysis  it  is  usual  to  enable  the  transit  anemometer  system  at  a fixed  point  each  cycle 
of  the  rotating  assembly.  This  has  been  done  by  gating  the  laser  beam  by  electro-  or  acousto-optic 
switches  or  by  gating  the  correlator  clock  time.  It  is  quite  obviously  more  satisfactory  to  leave  one 
correlator  oharuiel  fully  operational  all  the  time  and  enable  the  other  one  at  the  required  time  and  for 
the  required  periods.  This  obviates  ary  windowing  convolution  within  the  correlogram.  It  may  be  possible 
in  some  future  application  to  gate  the  system  with  software  thus  enabling  all  points  in  rotor  co-ordinates 
to  be  obtained  at  the  same  time.  But  this  requires  time  division  multiplexing  of  cross  correlated 

reductions  of  the  input  signal. 

7.  FURTHER  PRACTICAL  CONSIDERATIONS 

A few  other  problems  which  are  often  mentioned  or  actually  occur  mey  be  shown  to  be  irrelevant  or 
prevented  by  foreknowledge.  Again  these  seem  trivial  when  written  out  formally. 

Vibration  is  often  quoted  as  a source  of  error  but  is  unlikely  to  be  serious  in  rigs  and  engines. 

Vibration  velocities  of  metal  components,  computed  as  frequency  times  amplitude,  tend  not  to  exceed 
about  1ms  ^ as  much  more  than  this  leads  to  physical  damage.  Aerotynamic  velocities  in  rigs  and 
engines  are  greater  than  this  by  typically  two  orders  of  magnitude.  If  the  vibration  operates  throu^ 
an  'optical  lever'  problems  could  occur  but  competent  design  eliminates  this.  Some  uncertainty  of 
sampling  position  may  occur  in  a vibrating  assembly  but  this  must  be  tolerated  or  the  differential 
vibration  between  rig  and  laser  anemometer  minimised  in  some  appropriate  way;  rigid  coupling  with 
flexible  support  for  the  whole  experiment  will  suffice  in  some  cases.  Damage  to  the  laser  anemometer 
mey  occur  if  the  whole  system  vibrates.  I have  been  rather  careful  with  mountings  since  I shook  a 
laser  to  pieces  on  a rough  running  engine  with  a nearly  rigid  cradle. 
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Fig.  9 Direotion  Identification  Using  a 
Transit  Anemometer. 


In  very  high  noise  fields  we  have  noticed  that  there  is  acoustic  modulation  of  the  laser  output  by 
pressure  changes  in  the  laser  resonator  cavity.  Acoustic  lagging  is  a cunbersome  but  effective  cure. 
Other  modulation  problems  have  been  noted,  especially  with  photon  correlation,  which  were  first 
attributed  to  vibration  but  later  found  to  be  due  to  photomultiplier  gain  modulation.  Electron 
trajectories  in  the  tube  were  affected  by  cyclic  magnetic  fields  from  nearby  electrical  machines:  the 

cure  was  to  improve  the  quality  of  cumetal  magnetic  screening  of  the  detector.  There  can  be  a 
tendency  to  ascribe  to  vibration  curious  things  which  are  observed  in  association  with  rig  work  but 
arise  from  other  causes. 


I 


Vibration  of  windows  can  cause  odd  effects,  especially  if  the  surface  is  not  perfectly  flat  nor  free 
from  contamination.  Beam  walkoff  at  a few  percent  per  reflection  can  give  rise  to  scattered  light 


from  surface  dust.  If  this  is  inadvertantly  within  the  collection  cone  it  may  contribute  unpleasantly 
large  background  even  though  it  may  be  a long  wey  from  the  focal  region  of  the  detector,  or  its  image. 


Windows  themselves  can  cause  a lot  of  problems,  most  often  because  those  who  design  and  build  rigs 
have  lit  It  or  no  experience  of  window  design,  properties  and  handling.  Where  different  windows  are  to 
be  used  for  input  and  output  light  they  have  different  criteria.  The  input  nust  be  of  optical  quality 
- that  is  it  udst  be  free  from  inhomogeneities  or  surface  defects  which  might  in^xjse  wavefront  aberrations 
on  the  input  laser  beam.  Quite  small  defects  can  cause  a bad  deterioration  of  fringe  pattern  in  both 
spacing  and  contrast.  In  a two  spot  system  any  spreading  of  the  spot  or  angular  separation  leads  to 


ambiguity  and  systematic  error.  Although  the  output  window  distortion  may  change  the  spatial 


resolution,  the  quality  is  not  so  important  as  the  information  is  now  encoded  upon  the  light  beam  as  a 
frequency  modulation.  Even  serious  attenuation  does  not  cause  errors  but  merely  reduces  the  detectable 
power. 

Some  general  comments  on  window  materials  and  design  m^  help.  For  cold  rigs  we  have  found  that 
selected  float  glass  is  cheap  and  readily  available,  easy  to  work  and  clean.  Always  choose  the 

cheapest  material  and  order  lots  of  spare  blanks  - they  will  be  needed  as  some  damage  almost  always 
occurs.  Arrange  that  the  window  is  mounted  as  a removable  cell,  both  for  cleaning  and  avoidance  of 
accidental  damage  as  it  can  be  placed  in  the  coii;)leted  rig  just  before  the  test.  The  plysical 
mounting  of  the  transparent  component  should  permit  good  sealing  if  pressure  differentials  are  to  be 
met  and  if  thermal  loading  is  to  be  expected  a form  of  expansion  compensation  should  be  Included.  The 
sofiling  is  not  merely  in^jortant  as  a sophistry  - it  may  be  essential  to  prevent  hot  gases  from  leaking 


into  the  vicinity  of  the  anemometer  optica.  One  unexpected  diaaater  ire  once  observed  was  that  hot 
rich  combustion  gases  oozed  past  a quartz  window  in  a stainless  blank  with  face  sealing  (inadequate)  on 
both  faces.  Carbon  was  deposited  around  the  edge  of  the  blank  and  on  cooling  to  sub  zero  night 
temperatures  after  HOOK  running  the  window  disintegrated  with  a mass  of  crazing.  A second  blank 
crazed  during  cooling  long  before  the  rig  was  cool  enough  to  remove  the  window  for  safe  keeping. 

The  two  most  popular  window  materials  are  fused  quartz  (Speotrosil  A)  and  float  glass.  Many  other  and 
more  exotic  materials  may  have  to  be  used  for  unusual  applications;  for  example  a sapphire  window  was 
necessary  in  a roller  race  for  lubrication  studies  because  of  its  mechanical  properties,  but  the 
essence  should  be  on  simplicity. 

For  deeming  windows  we  have  used  'Analar'  Methanol  for  general  contamination  e.g.  oil,  dust,  fingerprints.' 
and  for  more  substantial  dirt  or  stains,  burnt  on  oil  for  example,  prolonged  soaking  in  one  of  the 
proprietary  decontaminating  detergents  is  effective  (e.g.  DECON  90).  Any  form  of  surface  pitting  will 
need  repolishing.  We  once  sprayed  a window,  a leu-ge  and  expensive  one  as  it  happened,  with  molten 
stainless  steel  and  were  pleased  to  be  able  to  remove  the  streaks  of  metal  by  acid  etching,  but  it  was 
not  a total  recovery  as  the  minute  thermal  craze  pits  at  the  points  of  metal  Impact  much  reduced  the 
window  quality. 

One  almost  superfluous  oomnEnt  about  windows  is  that  they  should  be  in  the  right  place.  Hot  rigs  often 
expand  many  millimetres  when  operating  and  it  is  frustrating  to  set  up  a system  and  have  the  window 
translate  awey  from  it  as  the  measurements  begin  to  get  interesting.  This  is  easily  overcome  by 
constraining  the  rig  near  the  plane  of  the  window,  translating  the  anemometer  or  enlarging  the  window. 

There  has  been  some  pressure  to  keep  to  small  lasers  for  rig  anemometiy  from  the  safety  angle.  Most 
test  crews  unfamiliar  with  laser  techniques  are  very  interested  in  the  laser  and  are  uncertain  what,  if 
any,  hazard  may  be  present.  Even  though  every  effort  is  made  to  contain  the  beam  at  all  times  it  is 
always  worth  while  taking  some  time  and  trouble  to  explain  some  of  the  details  and  potential  dangers  to 
those  who  may  work  near  the  rnstallation. 

8.  INFORMATION  PRESENTATION 

Assuming  that  the  foregoing  has  enabled  us  to  obtain  the  measurements  of  fluid  velocities  and  related 
parameters  the  next  problem  is  to  transfer  this  as  lucid  concepts  with  adequate  quantification  into  the 
heads  of  those  who  will  use  it.  If  the  anemometer  application  is  in  response  to  a specific  query  then 
this  is  made  easier  by  the  mutual  co-operation  of  the  parties  concerned.  If,  as  in  many  cases,  the 
application  of  laser  anemometry  yields  information  in  a new  and  unfamiliar  form  there  is  a barrier  of 
conservatism  to  be  crossed.  It  is  difficult  to  offer  universal  guidance  but  new  forms  of  information 
must  be  considered  in  great  depth.  It  is  often  in  the  interests  of  the  experimenter  to  show 
justification  of  the  validity  of  his  data  and  a well  thought  out  approach  to  data  reduction  and 
presentation  format  can  help.  Tables  of  numbers  may  be  necessary  but  should  not  be  the  'first  line'  in 
the  presentation  of  results,  but  a group  of  pictures  or  even  a physical  model  is  better. 

There  has  been  a tendency  to  assume  that  fundamental  properties  with  conventional  names  exist  regardless 
of  the  method  of  neasurement  but  in  extreme  oases  this  is  not  entirely  true.  Let  us  consider  'mean 
velocity'.  The  pitot  probe  is  of  course  a non-linear  device  and  if  used  to  assess  mean  velocity  has  a 
transfer  function  which  has  an  effect  on  the  measurement  depending  on  the  waveform  and  other  characteristics 
of  the  velocity.  The  laser  aneriiometer  is  a linear  device  and  produces  (with  maiy  reservations  not 
relevant  to  this  point)  a 'mean  velocity'  which  may  or  may  not  differ  from  that  derived  by  other  methods. 

Without  wishing  to  enter  the  arguments  of  time  series  analysis  and  the  theory  of  measurement  of 
fluctuating  parameters  we  hope  the  trivial  example  shows  that  care  must  be  exercised  in  statements  of 
the  anemometer  measurements. 


The  availability  of  this  linear  technique,  together  with  several  others  currently  becoming  popular,  is 
causing  a closer  look  at  information  theory  applied  to  real  measurements.  Although  it  in  no  way 

precludes  the  original  use  and  presentation  of  data  it  offers  a new  tool  to  look  in  greater  detail  at 
the  fiindamental  processes  upon  which  engineering  realisations  so  firmly  depend. 

9.  CONCLUSIONS 

We  have  tried  to  stress  the  practical  aspects  of  applii;ations  of  laser  anemometry  and  a number  of 
disparate  topics  have  been  discussed.  Several  ideas  are  discussed  in  ti.e  light  of  our  own  experience 
of  the  simple  and  usually  unexpected  things  which  may  go  wrong.  As  with  the  man  who  requested  frie  d 
hippopotamus  sandwiches  and  was  told  that  thei^  was  no  bread,  the  most  elaborate  and  clever  instrumentation 
can  fail  entirely  for  reasons  that,  because  each  is  trivial, do  not  get  even  the  attention  they  deserve. 
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In  recent  years  many  optical  measuring  methods,  most  using  lasers,  for  determining  flow 
velocity  (with  turbulence  and  fluctuations),  temperature  and  species  concentration  have 
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value  for  research  and  development  on  engines  and  components  and  for  the  understanding 
of  fundamental  flow  processes. 
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ponents and  for  the  understanding  of  fundamental  ponents  and  for  the  understanding  of  fundamental 

flow  processes.  flow  processes. 
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